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REVIEW OF THE LITERATURE 
The ubiquity of intracellular polvols in animals, plants 
and funqi, and their occurrence as extracellular products in a few 
bacteria, point to their physioloqical importance. Further evidence 
of their siqnificance is the p~esence in many animals, funqi, and 
bacteria of en~ymes that use polyols or their phosphate derivatives 
as substrates. ·For a comprehensive review of the occurrence, distri-
bution, metabolism and enzymoloqy of polyols in animals, plants and 
microorganisms see the reviews by Touster and Shaw (53), Lewis and 
Smith (26) and Bl~menthal (Sa). Until recently, attempts to study 
these physiological and metabolic roles have been hind~red due to the 
lack of a range of satisfactory detection techniques. As a. consequence, 
relatively little is known concerning the mechanism o-f pol.vol function, 
catabolism and anabolism. 
Polyols, also known as polyhydri~ alcohols or sugar alcohols, 
are a cla~s of organic compounds which contain more than two hydroxyl 
groups, This review will not consider cyclic polyols such as inositol 
! but will be restricted to discussion of the acyclic polyols. As the 
name 11 sugar a1cohol 11 suggests, the term is generally restricted to 
include only the reduction products of sugars. The simplest polyol 
is glycerol, the reduction product of.glyceraldehyde or dihydroxy-
acetone. As can be implied from this example, polyols of six carbons 
1 
2 
or less are named based on their aldose precursor. Compound formulae 
and trivial names of additional examples are shown in Fig~ 1. 
Four general enzymatically mediated transformations of po.lyol s 
have been determined by research aimed at explaining their physiologic 
and metabolic functions. These enzymatically catalyzed reactions are: 
(a} polyol or polyol ketose or' 
+ NAO~ + NADH+ + H+ 
phosphate ketose phosphate 
(b) polyol or polyol aldose or 
+ NADP~. 
phosphate ·aldose phosphate 
(c} polyol + ATP or PEP__,,._ polyol phosphate + ADP or pyruvate 
(d} polyol phosphate + H20_,.__polyol + Pi 
These general reactions have been used'to attribute the following func-
tions to polyols: l) an endogenous carbon and energy source, 2) regula-
tion of coenzyme levels (a hydrogen "sink"), 3) a sole exogenous 
carbon and energy source and 4) regulation of osmotic pressure. Specific 
polyol transformations and functions will be ~onsidered in later sections. 
Occurrence. Reports of polyol isolations from fungi are so common that 
polyols must be regarded as one of the prihcipal soluble carbohydrates 
-
of these organisms.· Those isolated include: mannitol, arabitol, 
erythritol, threitol, xylitol, glucitol, and galactitol (26). Of these 
polyols, mannitol appears to be the most commonly reported fungal con-
stituent. tn comparing the relative frequency of occurrence of a 
particular polyol, it is important to note that variations are dependent 
D-Glucose 
+ 2H 
c--
1 
_ _,c 
I 
D-Glucitol. 
{sorbito l ) 
D-Galactose 
+ 2H 
c--
1 
----1C 
I 
_ ____,C 
I 
I 
1·-. 
CH 20H 
D-Galactitol 
(du l cito l ) 
D-Mannose 
+ 2H 
I 
c 
~­
\ 
i-H
2
_0_H_ 
D-Mannitol 
D-Ribose 
D-Ribitol 
(adonitol) 
3 
D-Erythrose 
+ 2H 
r20H 
I 
c--
bH20ll 
D-Erythrito l . 
Fig. 1. Aldose precursors, formulae and trivial Dames of. some polyols 
( = OH group). 
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on both the organism and the growth conditions. The influence of growth 
conditions on the quantity and type of polyol accumulated was demon-
strated by Halligan and Jennings (16) using the marine fungus Oendryphi-
ella salina. It was .observed that when starved cultures of the fungus 
were transferred to defined liquid media containing different carbon 
sources, mannitol accumulated from all carbon sources except arabitol. 
Similarly, high levels of arabitol accumulated from the rapidly utilized 
carbon ·sources, but with those that were less readily assimilated, there 
was little or no fncrease i~ the arabitol level. Similar experiments in 
which the nitrogen source was varied also demonstrated a significant 
effect on the accumulation of arabitol but had no effect on mannitol 
accumulation. In Claviceps pu0purea, Vining and Taber (54) demonstrated 
large quantities of galactitol present in mycelia after growth on 
ga 1 actose media but not after growth on other he.xoses. Their work a 1 so 
demonstrated strain· differences in polyol synthesis from growth on the 
same medium. 
A less obvious influence on the types of polyols accumulated is 
the a9e of the culture. Niederpruem and Hunt (37) descrfbed the changes 
of intracellular polyols during morphogenesis in Schizophyllum commune. 
1 
Although the basidiospores of this fungus contained both mannitol and 
arabitol, prior to germination arabitol disappeared and the mannitol 
levels decreased. Within one day after germination the mannitol levels 
had increased to normal whereas the arabitol levels remained low. 
The levels of polyols accumulated by fungi are also subject to 
the same variables. listed above. Maximum levels ~ay be quite high, as 
5 
illustrated by Piricularia oryzae., which accumulates mannitol to about 
10% of mycelial dry weight after growth on a synthetic medium containing 
sucrose as the sole carbon source (58). In addition, Corbett et al.(ll), 
while describing the metabolism of germinating sclerotia of Claviceps 
purpurea, observed the wide and rapid fluctuation of polyol content 
common to most fungi. 
In contrast to the widespread occurrence of free polyols in fungi, 
there are few reports of free polyols ~ssociated with bacteria. Free 
polyols have, as ~et, not been reported as 'intracellular constituents in 
any bacterium, but they do occur as extracellular end products of carbo-
hydrate dissimilation in a few cases. The heterofermentative lactic acid 
bacteria are unique in their ability to prodUCP large quantities Of polyol 
from hexose fermentation, mannitol being produced from fructose and 
glycerol from glucose (34). Intracellular polyols have only been re-
ported to accumulate as phosphorylated intermediates in polyol metabolism 
(15, 49), and as ·components of bacterial cell walls, e.g .. ribitol and 
glycerol teichoic acids. Teichoic acids containing polyols have been 
identified as cell w~ll constituents of s~veral different, usually Gram 
positive, bacteria (53). In fact, one of the characteristics separating 
I 
Staphy)ococcus aureus from~· epidermi~i~ is the presence of ribitol 
teichoic acid in the cell walls of the former, and glycerol teichoic 
acid in the cell walls of the latter (1). 
Polyol Transport. As shown diagramatically in Fig~ 2, polyols appear to 
be ta.ken up and accumulated in bacteria by.facilitated diffusion,.active 
6 
Pig. 2. Various mechanisms of polyol transport into bacterial cells. 
Exterior Cell membrane Interior 
1) facilitated diffusion 
Mannito 1 
Mannitol dehydrogenas~ Fructose 
I 
2) active transport I 
Fructose 6-P -- -----·---.-
/ 
Mannitol 
\ 
- \, 
group translocation 
· Mannitol 1-P 
dehydrogenase 
(vectorial phosphorylation)Mannitol l-P 
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transport, or group transl ocati on (24). In the first two cases, the un-
altered polyol is translocated through the membrane. Once inside the cell, 
polyol dissimilation may be initfated either by a dehydrogenase reaction 
which in turn is followed by a phosphorylation reaction, or by a direct 
phosphorylation. The metabolism of mannitol by certain bacterii:l has been 
proposed to follow the dehydrogenation-phosphorylation route. On the basis 
of their possessing a mannitol .dehydrogenase, the following organisms are 
presumed to employ this pathway: Acetobacter suboxydans, Azotobacter agilis, 
and' Pseudomonas fluorescens (49). However, polyols taken up via group 
translocation or vectorial phosphorylation are accumulated intraceilularly 
in the phosphorylate9 form. The high energy phosphate involved in this 
phosphorylation is passed from phosphoenolpyruvate (PEP) to two soluble 
proteins, enzyme I and a small heat stable protein (HPr), before being 
transferred to a membrane bound enzyme II complex and finally to the polyol 
(22). The phosphorylated polyol, once inside the cell, may be oxidized by 
a dehydrogenase. Again, using mannitol dissimilation as an example, the 
organism in which this. pathway has been demonstrated or in which it is 
presumed to exist, bas~d on their having a mannitol 1-phosphate (mannitol 
1-P) ·dehydrogenase, are: Escherichia coli (28), Staphylococcus aureus (49), 
Salmonella typhimurium (3), and Clostridium ~hermocellum (39). 
Polyols as Exogenous Substrates~ The foregoing discussion alludes to the 
fact that ~ large number of bacteria and fungi can use polyols as a source 
of carbon and energy. These organisms demonstrate considerable variation 
in their ability to utilize polyols and in their route of catabolism. 
8 
Individual differences have been used to great advantage as an aid in many 
identification and classification schemes. 
Polyol catabolism by microorganisms was first considered by G. 
Bertrand, who observed that Acetobacter xylinum could convert sorbose to 
sorbitol. Through extensi-0n of his studies to include other polyols, 
Bertrand observed that polyols were oxidized, by~- xylinum, to a ketose 
if the two secondary hydroxyl groups adjacent to the primary alcohol group 
were of the cis configuration. This work was further expanded by Hudson 
through investigation of polyol oxidations in Acetobacter suboxydans. It 
was determined that the cis-vicinal hydroxyl groups involved in the 
oxidation to .the ketose, must have a D-configuration with respect to the 
primary alcohol group (53). An enzyme having the group specificity defined 
by the Bertrand-Hudson rule was later identified in ~- suboxydans. This 
enzyme was an i nso 1ub1 e pa rti cu late pol yo 1 dehydrogenase associated i,.Ji th 
cytochrom containing particles and did not require the addition of NAO or 
NADP for activity. Specificity for substrate configuration was simple, 
requiring only the L-erythro configuration and a primary alcohol at carbon 
number one. 
Marcus and Marr (31) isolated from Azotohacter agil.is a similar 
' 
enzyme conforming to the Bertrand-Hudson rull•, but ·with a substrate con-
figuration specificity much more stringent than the enzyme found in A. 
suboxydans. Named D-mannitol dehydrogenasr~, this soluble enzyme required 
substrates with the 0-manno configuration, on carbon atoms 1 through 5. 
0-arabitol, D-mannitol, D-rhamnitol and perseitol were the only polyols · 
oxidized in the nicotina!llide adenine dinucleotide (NAD) linked reaction. 
9 
A second soluble NAO-linked polyol dehydrogenase was isolated from A. agilis, 
the activity of which was demonstrated to be separable from the 0-mannitol 
dehydrogenase. This second enzyme, L-iditol dehydrogenase, oxidized polyols 
with the 0-~ and 0-ribo configurations, i.ncluding L-iditol, glucitol, 
xylitol ,, and ribitol. The 0-xylo configuration was apparently preferred 
since the enzyme oxidized polyols of this configuration seven times faster 
than the 0-ribo polyols. 
Kersters et al. (21) identified five polyol dehydrogenases from OEAE-
cellulose chromatographed extracts of Gluconobacter oxydans, each with 
distinct substrate and cofactor specificities. Of the five enzymes, four 
were soluble: 1) a nicotinamide adenine dinucleotide phosphate (NADP) 
linked xylitol dehydrogenase specific for.xylit~l, oxidizing it to L-xylu-
lose; 2) an NAO-linked 0-erythro dehydrogenase which did not oxidize tetri-
tols· or h.eptitols, pentitols were oxidized only when the hydroxyl group on 
C-2 had a 0-configuration, hexitols possessing the D-~rythro config~ration 
·on C-2 and C-3 were also oxidized; 3) an NAO-linked 0-~ dehydrogenase 
oxidized pentitols, hexitols ·and heptitols with the 0-xylo configuration; 
4) an NAOP-linked }E.2. dehydrogenase oxidizing pentitols and hexitols with 
the 0-lyxo configLlration. The fifth enzyme was particulate, derived from 
the cytoplasmic membrane and oxidizing only ptlyols with the L-erythro 
( ~ertrand-Hudson) configuration. 
The works cited above present examples in which polyol substrates are 
oxidized to their appropriate ketose form in reactions which are generally 
NAO-dependent. A second important oxidation, but on~ which· has so far been 
described in only a few mi~roorganisms~ is the NAtiP-linked oxidation con-
verting a polyol to its appropriate al dose form. · Niederpruem et al. (36) 
10 
demonstrated in the basidiomycete Schizophylum commune the formation of 
xylose by the NADP-linked oxidation of xylitol. Halligan and Jennings 
(16) presented evidence that cell free extracts of the marine fungus 
Dendryphiella ~J_i_Q_<:!_ converted glucitol to glucose through an NADP-
dependent oxidation. ·Suzuki and Onishi (51) isolat'ed from Pis_!lj_C!_ 
~er~l!_um grown with xylose, an NADP specific xylitol dehydrogenase which 
catalyzed the reversible oxidation of xylitol to xylose. The possible 
significance of these reactiuns will be discussed in a later section. 
In addition to free polyols, their phosphorylated derivatives may 
also serve as substrates in many enzymatic reactions. Wolff and Kaplan 
(57) in testing crude cell free extracts of I· coli for phosphohexose 
isomerase activity, observed that extracts catalyzed the oxidation of 
. . 
reduced nicotinamide adenine dinucleotide (NADH) in the_,pr~sence of 
fructose 6-phosphate (fructose 6-P). Ketose was found to disappear at 
~he same time that NADH was oxidized indicating that fructose 6-P was 
reduced by the coenzyme in the presence of the bacterial extract. The 
reduction product of fructose 6-P was identified as mannitol 1-P. Ketose 
reduction occurred at a neutral to slightly acid pH whereas mannitol 1-P 
oxidation to the ketose occurred at an optimum of pH 10. The purified 
enzyme was very specific in substrate ~nd 'coenzyme requirements, reacting 
only with fructose 6.:.P or mannitol l:..P and NAO or its reduced form .. 
From this first descripticin of th~ oxidation of polyols through 
their phosphate derivatives, many others foll-Owed. Mannitol 1-P dehydro-
genase has been demonstrated in Intero2act~~ (~~robt!_~Jer) ~ero9~_r:!_es (29) 
Bacj_J_l us subti 1 is ( 19) ,<;t~l}y_l oco~~us ~ureus ( 33, 49), Str~tococ~~ 
11 
mutans (7), Clostridium thermocellum (39); Salmonella typhimurium (3) 
and many others, including numerous fungi. Other polyol phosphate de-
hydrogenases described include glucitol 6-phosphate (7, 19, 29) and 
galactitol 6~phosphate (56). In contrast to the hexitols, no pentitol 
phosphate dehydrogenase systems have as yet been identified in fungi or 
bacteria. 
Polyol phosphates may also serve as substrates for phosphatases 
in the enzymatic hydrolysis.of phosphate to yield the free polyol. The 
first such polyol phosphatase described was in the fungs Piricularia 
oryzae, which has been shown to accumulate mannitol after growth on a 
synthetic medium containing sucrose as the sole carbon source. Yamada 
et al. (58), while investigating the·mechanism of this mannitol· formation, 
described a specific mannitol 1-P phosphatase in crude extracts of the 
fungus. These workers found a similar mannitol phosphate phosphatase in 
crude extracts of Aspergi llus oryzae and Aspergi 11 us. ni ger. Lee (23) 
used an unidentified strain of Aspergillus to determine the carbon balance 
for a fermentation in which mannitol was produced from glucose. During 
the course of the investigation a mannitol 1-P phosphatase was identified. 
The action of the phosphatase was proposed as one of the steps through 
which free mannitol was formed. No attem~\t was made to test the specifi-
city of the enzyme. 
Polyols as metabolic intermedi.ates and end products. During the fermenta-
tion of fructose by the heterofermentative lactic acid bacteria, a large 
quantity of mannitol is produced and found as an extracellular product. 
Yields of mannitol accounting for as much as 70% of the fructose fermented 
12 
have been reported {40). This fermentation is unique in that mannitol 
is produced only from fructose and not from other similar carbohydrates 
(34). Polyol formation in the heterofermentative lactic acid bacteria 
is unique among bacterial species; extracellular or intracellular free 
polyols have not, as yet, been reported in any other bacteria. 
As noted earlier, many bacterial species possess enzymes which 
use phosphorylated polyols as substrates, thus pointing to their intra-
cellular occurrence. However, few attempts have been made to identify 
and quantitate these intermediates from whole cells. Helle and Klungs~yr 
(15) demonstrated mannitol 1-P accumulation in intact cells of£_. coli 
grown with glucose. Although no attempt was made to quantitate the levels 
attained, they did observe an approximate twofold increase in mannitol 
1-P levels in cells utilizing glucose anaerobically versus aerobic utili~ 
zation. Their experiments suggested that the reduction of fructose 6-P 
to mannitol 1-P was important for the reoxidation of NADH under anaerobic 
conditions in I· coli. In an investigation to determine the path of 
mannitol catabolism by Staphylococcus aureus, Strasters (47) identified 
mannitol 1-P in extracts of cells grown with mannitol. Using a semi-
quantitative determination of mannitol l•P,based on its oxidation by· 
mannitol 1-P dehydrogenase, Strasters determined the intracellular levels 
in mannitol-grown i· aureus cells after incubijtion of resting cells in 
various carbohydrates. After incubation in glucose or fructose the amount 
of mannitol 1-P found was negligible. Conversely, incubation in mannitol 
produced a high amount of mannitol 1-P (2.25 µmol in the cells of a l 
liter culture). This experiment was not designed to determine mannitol 
1-P quantities per se, but was designed to offer additional proof of a 
13 
mannitol phosphorylating mechanism in~· aureus. As a result, the 
.accumulation of a small quantity of mannitol 1-P after incubation in 
glucose or fructose, was not pursued to determine its significance. 
Although there are few reports of polyols found as intermediates 
or end products in bacteria, their occurrence in fungi is well docu-
mented in the literature. In cell free extracts of sucrose-grown~· 
oryzae, Yamada et al. (58) demons·trated :two enzymes, which they felt 
were responsible for mannitol formation. The first, termed fructose 
6-P reductase, catalyzed the NADH-dependent reduction of fructose 6-P 
to mannitol 1-P. This reaction was reversible and appeared to .be the 
same reaction, described in other organisms, whi.ch was ca.talyzed by 
mannitol 1-P dehydrogenase. The second enzyme was a specific mannitol 
1-P phosphatase which enzymatically released free mannitol. The demon-
stration of these two enzymes, coupled with the fact that no mannitol 
dehydrogenase activity could be detected, led to the conclusion that 
mannit61 accumulated through the. r~duction of fructose 6-P and the 
subsequent hydrolysis of phosphate from mannitol 1-P. These authors 
found the same enzymes present in crude extracts of Aspergillus oryzae 
and Aspergillus niger, leading to the assumption that mannitol may be 
formed by the same route in these organism:. Horikoshi et al. (18) 
undertook an investigation of the physiological role of 0-mannitol in· 
germinating conidia of~· oryzae. The large amounts of mannitol in the 
conidia were known to be consumed rapidly in the early stages of germina-
tion .. An active D-mannitol dehydrogenase was also present and it 
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appeared to use mannitol as a substrate for endogenous respiration 
during germination. No mention wa~ made concerning the presence of a 
polyol phosphate dehydrogenase nor of any pho~phorylated intermediates. 
Thus it appears that free mannitol and the phosphorlyated form can both 
serve as substrates for their respective dehydrogenase enzymes in fl. 
oryzae. Lee (23) determined the carbon balance for a fermention in 
which mannitol was produced from glucose by an unspecified species of 
Aspergillus. It was determined that 35% of the glucose used went to 
m~nnitol formation, with a lesser amount (approximately 1~%) used for 
glycerol and erythritol production. Experiments to determine the pathway 
of mannitol biosynthesis demonstrated that cell free extracts did not 
contain any mannitol dehydrogenase activity, but an active mannitol 1-P 
dehydrogenase and a mannito l 1-P pho-spha tase were present. The dehydro-
genase catalyzed a reversible reaction whereas the phosphatase reaction 
was. irreversible. From these results rnannitol biosynthesis was proposed 
to follow the same pathway as suggested inf. oryzae: the reduction of 
fructose 6-P to mannitol 1-P and a subsequent hydrolysis of the phos-
phate to release free mannitol. 
Halligan and Jennings (16) identified mannitol and arabitol as 
accumulation products in the marine fungus Q~ndryphiella salina after 
growth in a defined liquid medium containing different carbon sources. 
Mannitol accumulated in the rnycelium grown in glucose, succinate, 
acetate, mannitol,· ethanol, sucrose, and glucitol as carbon sources. 
No mannitol accumulation was observed with arabitol as the carbon source. 
By contrast, the rapidly utilized carbon sources gave high to moderate 
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yields of arabitol but with mannitol or carbon sources that were less 
readily as·similated,' there was little or no increase in the arabitol 
levels. Variation of the nitrogen source in th& media was also demon-
strated to have a significant effect on the accumulation of arabitol 
but not of mannitol. Highest levels 9f arabitol were obtained in 
nitrate media. Enzyme data presented, suggested that arabitol could be 
deriv~d· from the NADH-dependent reduction of xylulose or the NADPH-
dependent reduction of ribulose. Later .experiments on this same marine 
fungus, by Jennings and Austin (?O),· suggested that uptake of non-meta-
bolized 3-0-methyl glucose stimulated the conversion of mann~tol and 
aribitol to polysaccharide and other insoluble compounds. They observed 
that entry of 3-0-methyl glucose into the mycelium was accompanied by an 
increased rate of metabolism of those soluble carbohydrates already 
present. The increased metabolism was not accompanied by any change in 
the rate of respiration but the conversion of soluble carbohydrate to 
polysaccharide was increased during the observation period, while the 
~otal soluble ~·arbohydrate concentration in the cytoplasm remained con-
stant. From these initial observations it was proposed that· conversion 
of soluble carb6hydrates to.insoluble polysaccharide was a mechanism 
by which fluctuations of the hyphal osmotic pressure could be regulated 
during uptake of carbohydrates from the medium. No metabolic events 
were proposed to explain these initial observations . 
. 
Polyol intermediates have been described during the conversion of 
one sugar isomet to another in several organisms ~9, 36, 53). The con-
version system usually involves the coupling of NADPH-linked and NAD-
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linked enzymes to first form the polyol from one sugar then, in turn,. 
oxidize it to a second sugar. Chiang and Knight (9) describe'd such a 
system as part of a new pathway of pentose metabolism in cell free ex-
tracts of Penicilli~m chrysogenum. According to the proposed pathway, 
D-xylose was converted to D-xylitol through an NADPH-linked aldJpentose 
redu~tase. An NAO-linked pentitol dehydrogenase then converted 0-
xylitol to 0-xylulose which in turn was phosphorylated by a 0-xylulokinase. 
A second part of the pathway involved the.conversion of L-arabinose to 
D~xyl ulose via L-arabi tol, L-xyl ulose, and xyl itol. ·The pathway as pro-
posed by Chiang and Knight follows: 
0-xylose 
I NADPH. 
NADPH NAO NADPH ~ 
L-arabi nose L-arabito 1 NADH L-xyl ul ose _,N:=-A-DP-- D:::)T NADH 
D-xyr::: 
0-xylulose 5-P 
Differentiation between catabol ic and ana~_oJ~ routes _g_f._Q_Qjj'_q_l_~~-t-~_-:-_ 
bolism. From the foregoing discuss-ion of the individudl reactions in-
valving polyols as either substrates or products, it becomes apparent 
that the majority of the transformations are reversible in vitro. This 
complicates any attempt to differentiate the anabolic and catabolic 
routes of polyol metabolism. ~he study by Yamada et al. (58) of mannitol 
formation by f_. oyzae appeared to demonstrate that the conversion of 
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sugar to mannitol in this fungus took place through the reduction of 
fructose 6-P to mannitol l~P and the subsequent hydrolysis of phosphate 
to release free mannitol. This route was proposed based on the presence, 
in the same cell free extracts, of a fructose 6-P reductase, a specific 
mannitol 1-P phosphatase and the absence of any mannitol dehydrogenase 
activity. Lee (23) also proposE;?d' these reactions as the-mechanism for 
, 
mannitol biosynthesis by an Aspergillus species. His argument was based 
upon the i rrevers i bil ity of the phosphatase reaction which he contended 
should drive the paired reactions toward mannitol accumulation. In 
Aspergillus candidus, Strandberg (48) found both mannitol and mannitol 
1-P dehydrogenases as well as a specific•mannitol 1-P phosphatase in 
crude extracts of glucose and mannitol- grown cells. Since the presence 
of the phosphatase implied that mannitol 1-P was a precursor of mannitol, 
it was thought that the mannitol 1-P dehydrogenase should be active in 
the biosynthetic pathway. This assumption was not borne out by further 
experiments, since neither the proper substrates nor the expected rela-
tive activities of the dehydrogenases could be demonstrated. Accordingly, 
the mechanism controlling these enzymes and the pathway of either bio-
synthesis or utilization of mannitol remai-ned undetermined. 
Lactobacillus brevi2, one of the he~erofermentative bacterial 
speci~s, is known to produ~e large amounts of mannitol during the an-
aerobic fermentation of fructose. Nelson and Werkman (34) proposed 
that fructose was the precursor of mannitol, the production of which 
served as a hydrogen acceptor for the regneration of NAO. This mech-
ani sm was confirmed by Martinez et a 1 . ( 32), who i so 1 a ted a ·specific 
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mannitol dehydrogenase from L. brevis. Although the conversion of 
fructose to mannitol is reversible in vitro, the reaction probably pro-
ceeds only toward formation of mannitol in vivo since the enzyme has a 
low affinity for· mannitol as a substrate. Thus the accumulation of 
mannitol. would be favored. 
The situation in E. coli is not as straightforward. A mannitol 
1-P dehydrogenase was first identified by Wolff and Kaplan (57) in their 
s.tudies of hexitol metabolism in I· coli. Since no mannitol dehydro-
genase activity could be demonstrated, it appeared that the mannitol 1-P 
dehydrogenase functioned in a catabolic role. In contrast to this, 
Helle and Klungs~yr (15) observed large accumulations of intracellular 
mannitol 1-P in glucose-grown I· coli. The biosynthesis of mannitol l-P 
from glucose appeared to result from the reduction of fructose 6-P by 
the mannitol 1-P dehydrogenase enzyme. _An apparent dichotomy results 
since an important principle of metabolic regulation is that exactly 
the same sequence of enzymatic reactions will not be used in both cata-
bolic and anabolic pathways in the same cell. Differentiation of 
catabolic and anabolic routes of polyol metabolism have yet to be 
clearly resolved in any organism. 
factors __ eff~.f.tJ_IJ_g_p_~_l_2lQ_t~-~sj~. Some of the factors i nfl uenci ng 
polyol synthesis have been mentfoned earlier: the type and quantity 
of precursor in the medium, nitrogen source, oxygen tension and coen-
zyme status. In the case of the heterofermentative lactic acid bacteria, 
a large quantity of mannitol is formed from fructose fermentation but 
not from glucose. A· comparison by Nelson and Werkman (34) of the 
19 
dissimilation of fructose with that of glucose plus hydrogen acceptors 
indicated that the two types were similar. With the exception of the 
mannitol formed from fructose, the fermentation products of glucose and 
fructose were the same, varying only in their relative amounts.· When a 
hydrogen acceptor was added tothe glucose fermentation the relative 
amounts of products were in close agreement with those obtained during 
the dissimilation of fructose. This relationship suggested that in the 
fermentation of fructose, part of the ketose was ·functioning as a hy-
drogen ac~eptor, forming mannitot, and the remainder followed the same 
dissimilation path as glucose. Although the evidence for this mechanism 
was convinci.ng, it was not until Martinez et al. (32) isolated a speciftc 
mannitol dehydrogenase from Lactobacillus brevis, that the path of 
mannitol formation could be confirmed. This enzyme was ·NAOH-dependent 
and catalyzed the reduction of fructose to mannitpl with the concommitant 
oxidation of NAbH to NAO. Although the reaction was reversible in vitro, 
the equili~rium lay far toward mannitol formation. Thus it appeared 
that this was the enzyme responsible for fructose reduction and NAO 
regeneration as proposed earlier. With this enzyme the organism pos-
sessed the potential mechanism by which coenzyme levels·could be regu-
t 
lated. A similar mechanism of coenzyme regulation was proposed to be 
active in E. coli. This organism possesses an NAO-linked mannitol 1-P 
to fructose 6-P (57). Helle and Klungs~yr (15) observed that large 
amounts of m~nnitol 1-P accumulated intracellularly during the incubation 
of whole I· coli cells with glucose. In glucose fermentation the NAO 
which is reduced in the triose phosphate dehydrogenase reaction must be 
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reoxidized by other substrates i.n other NAO-dependent dehydrogenase 
reactions .. Since inf. coli other reactions which might reoxidize a 
significant portion of the NADH at the substrate level, were limited 
anaerobically, the formation of mannitol 1-P from fructose 6-P was pro-
posed as an important mechanism for NADH reoxidation under anaero~ic 
conditions . 
. Recently there has been evidence indicating that the quantity 
of pentitol synthesized is related to the hexosemonophosphate pathway 
activity, which is in turn related to the nitrogen source. Halligan 
and Jenn{ngs (16), using starved cultures of Q. salina, investigated 
the intracellular mannitol and arabitol levels after regrowth of the 
fungus in a medium containing glucose plus various nitrogen sources. 
They observed that variatibn of the nitro~en source had no significant 
effect on the quantity of mannitol synthesized. 1he nitrogen source 
did have an effect on arabitol accumulation, with the·highest levels of 
arabitol obtained in nitrate media in which a high requirement for re-
duced coenzyme for nitrate reduction and amino acid synthesis would be 
expected. They concluded that arabitol accumulation was accompanied by 
a stimulation of the hexosemonophosphate pathway. 
Mannitol utilization by staphylococci. Relatively little is known about 
mannitol utilization and even less about its biosynthesis and its rela-
tion to other glycolytic processes in staphylococci. Investigations in 
this area have determined that staphylococci catabolize mannitol via a 
phosphorylated intermediate (33, 49). Although a mannitol kinase was 
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not found, the most likely route of phosphorylation in staphylococci is 
through vectorial phosphorylation as prev1ously discussed in relation 
to polyol ·transport. In addition these investigations determined that 
staphylococci contain a dehydrogenase enzyme which catalyzes the re-
versible oxidation of mannitol 1-P to fructose 6-P. This enzyme was 
determined to be active in mannitol catabolism but was also found to 
be present in cells grown in the ab~ence of mannitol. In addition, low 
but detectable levels of mannitol 1-P were identified in cell free ex-
tracts of staphylococci grown without any source of carbohydrate or 
po~yol (49). These two observations suggested that mannitol 1-P may be 
involved in staphylococcal metabolism in a role other than as an inter-
mediate in mannitol catabolism. The study described in the following 
sections was initiated to expand these observations and to answer 
questions raised by them. 
MATERIALS AND METHODS 
Cell culture. The various strains of staphylococci used were 
obtained from the following sources: S. aureus strain Towler from Dr. 
H. J. Blumenthal of thi~ department; strains UT-34, Q-11, 7292, HSCKLS, 
Peoria, BVIII, and BMcK were obtained from Dr. H. Farkas-Himsley. The 
histories and characteristics of these last seven strains have been 
described by Smith and Farkas-Himsley (47). Strains 947BS and 6834 
were obta1ned from Dr. G. Pulverer (42). Strain ATCC 155 was obtained 
·from Dr. W. Yotis of this department. S. haemolyticus strain KL 194 
was obtained from Dr. W. E. Kloos of North Carolina State Un1versity~ 
The characteristics of these newly proposed species have been described 
by Schleifer and Kloos (44). The I· coli was a recently isolated strain 
from the clinical laboratory. The B. cereus strain was obtained from 
Dr. T. Hashimoto of this department. S. mu tans strain ATCC. 6715 was 
obtained from Dr. A. Chludzinski of Loyola University School of Dentistry. 
Stock cultures of staphylococcal strains were held at 4 C on 
Trypticase Soy Agar (TSA) (BBL, Cockeysville, Md.) slants and subcul-
tured every six weeks. For use in indivi~ual experiments, the organisms 
~ere inoculated onto a TSA plate and grown for 24 h at 37 C. All of 
these cells that could be collected on one inoculating loop were used 
to inoculate 100 ml culture broth in a 250 1111 Erlenmeyer flask. This 
starter culture was incubated on a rotary shaker (New Brunswick Scientific 
Co., New Brunswick, N.J.) set at 250 RPM for 6 hat 37 C and used for the 
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subsequent inoculation ~f. the-growth flasks. The g~owth flasks con-
tained 500 ml culture broth each, in 2000 ml Erlenmeyer flasks. These 
flask~ were inoculated (2% v/v) ,with 10 ml starter culture for each 500 
ml culture broth and incubated for 18 h at 37 C on a rotary shaker. 
Growth was measured with a Klett-Summerson photoelectric colorimeter 
(Klett Manufacturing Co., N.Y.) using a red (#66) filter. Cell growth 
under these conditions yielded, from each 500 ml culture broth, approxi-
mately 0.7 mg dry cell wt/Klett unit over a range of 50 to 250 Klett 
units. 
In experiments using 2% (w/v) Vitamin-Free Casamino Acids (VFCA) 
(Difeo laboratories, Detroit, Michigan) or 2% (w/v) Trypticase Broth (BBL, 
Cockeysville, Md.) for culture of coagulase positive strains, the broth 
was supplemented with nicotinic acid (Nutritional Biochemical Corp. 
Cleveland, Ohio) and thiamine hydrochloride (J. T. Baker Chemical Co., 
Phillipsburg, N.J.); each at a final concentration of 2 µg/ml broth. 
For coagulase negative strains these two broths were supplement~d with 
2 µg per ml each of niacin and thiamine hydrochloride and l µg per ml 
d-biotin (Sigma Chem. co:, St. L6uis, Missouri). Vitamin supplements 
were used in both the starter cuJture and the growth cultures. Vitamin 
supplements were filter sterilized through a sterile Millipore 0.45 µm 
membrane filter in a Swi nnex disc filter ho Ider (Mi 11 i pore Corp., Bed-
ford~ Mass.) and added to the autoclave sterilized medium after it had 
cooled to room temperature. For some experiments the growth medium was 
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supple~ented w{th 1% (w/v) carbohydrate or polyol. The polyol was 
sterilized with the medium; carbohydrate was sterilized separately by 
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autoclaving at 121 C for 15 min then added to the medium. 
Two types of synthetic media were us-ed in certain experiments. 
Cell culture in these media was as described previously. The 1.7% (w/v) 
Synthetic Broth AOAC (Difeo Laboratories, Detroit, Michigan) was pre-
pared according to the directio11s furnished by Difeo except that glucose 
was omitted. Sterilization was by autoclaving for 17 ·min at 121 C. The 
synthetic medium of Idriss and Blumenthal (17) with sodium pyruvate in 
place of glucose, was prepared in our laboratory and sterilized by fil-
tration through a HA (0.45 µm pore size) Millipore filter (Millipore 
Corp., Bedford, Mass.). Essential and nonessential amino acid concen-
trates were purchased from Grand Island Biological Co., Grand Island, 
N.Y. The filter unit and flasks used for collection and cell growth 
were sterilized by autoclaving at 121 C for 15 min. 
Aerobic and anaerobic mannitol utilization. The aerobic and anaerobic 
utilization of mannitol by strains of staphylococci was determined using 
the ·standard method of the Subcommittee on Taxonomy of Staphylococci 
(50), i.ncorporating the modifications recommended by Chalmers (8). All 
media used were prepared as directed in the method of the Subcommittee, 
I 
unless noted otherwise. Inocula of the strains to be tested were grown 
for 24 h at 37 C on tryptone-yeast-extract-agar (Difeo Laboratories, 
Detroit, Michigan). The oxidation-fermentation medium with ~annitcil as 
the carbohydrate source was prepared as directed with the exception that 
the concentration of the Bromocresol Purple (Allied Chemical, Morristown,. 
N.J.) indicator dye was lowered to 0.002% (w/v). Tubes of medium to be 
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used for the fermentation test were steamed for 15 min, before use, to 
remove the di.ssolved oxygen, then immediately solidified by placing the 
tubes in iced water. The oxidation-fermentation tubes were then im-
mediately and heavily inoculated with a wire loop making certain the 
inoculum reached the bottom of the tube. In order to maintain the an-
aerobiosis 6f the fermentation medium, each tube was sealed with a solid 
plug of sterile Petrolatum (Matheson, Coleman, and Bell, Norwood, Ohio) 
(plug ~~pth approximately 25 mm). All tubes were incubated for 5 days 
at 37 C. The reactions were recorded for each day. 
Preparation of ce 1l free extracts for enzyme stud1es. Cells grown in 
the 2% VFCA medium with no added carbohydrate or with 1% carbohydrate or 
polyol were harve_sted ·by centrifugation and washed once in 0.1 M Tris 
(hydroxymethyl) aminomethane (Tris) buffer, pH 7.0. These cells were 
resuspended in 0. 1 M Tris buffer, pH 7.0, containing 0.01 M 2-mercapto-
ethanol (2-M'E). The proportion of cells to buffer in the suspension was 
1.0 g wet weight of cells per 2.0 ml buffer. To enhance cell diirutpion, 
25 µm glass powder (Heat Systems-Ultrasonics, Inc., Plainview, N.Y.) was 
added, in the proportion of one volume glass powder per 3 volumes cell 
I 
suspension. The suspension was placed in'· a fluted metal cup ( 11 col.d 
shoulders") and cooled in a -10 C bath for sonic treatment using a 
Branson Sonifier equipped with a micro tip (Branson, Heat Systems-Ultra-
soni~s, Inc:, Plainview, N.Y.). The cell suspension was sonicated for a 
total of 16 min using 8 cycles of 2 min sonication and 2 min cooling in 
stand.by. The disrupted cell suspension was centrifuged for 20 .min at 
25,000 X g to pellet the glass powder and cellular debris. The super-
26 
natant solution was decanted and assayed for prot~in content and manriitol 
1-P dehydrogenase enzyme activity. Extracts were stored at 0 C. 
Assay for protein content in sonicated ~ell free extracts. The protein 
content in cell free extracts was measured using the ultraviolet 
spectrophotometric method of Waddell (55). Appropriate dilutions of ~ell 
free extract were made with distilled, deionized water. Absorption 
meas\Jrements were made using a Gilford spectrophotometer, model 2000, 
(Gilford Instrument Co., Oberlin, Ohio). The absorbance was measured at 
215 nm and 225 nm using a blank of distilled, deionized water. If the 
absorbance at 215 nm exceeded 1.5 absorbance units or the absorbance at 
225 nm was less than 0.5 absorbance units, the cell free extract dilution 
was adjusted. The absorbance at 225 nm \;as subtracted from that at 215 
nm. This differente multiplied by 144, gave the protein concentration 
in the diluted extract, expressed. in µg/ml. The factor of 144 was de-
termined by Waddell and was found to be identical on several different 
spectrophotometers. During the investigation of this method Waddell 
determined that unless this factor is determined with extreme precision, 
the error introduced is likely to be greater than that arising from 
assumption of reproducible absorbance caljbrations among different 
spectrophotometers. Therefore in this investigation calibration with 
standard protein solutions was not done when determining the protein 
content in the cell free extracts. 
Mannitol l~P dehydrogenase enzyme activity determination. The mannitol 
1-P dehydrogenase enzyme activity was determined by modification of the 
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method of Li·ss et al. (29), using mannitol 1-P as a substrate. The rate 
of reaction of this NAO-linked enzyme was assayed spectrophotometrically, 
at room temperature, by measuring the change in absorbance at 340 nm, 
due to the reduction of NAD to NADH. Absorbance changes were monitored 
with a Gil ford Mode 1 2000 recording spectrophotometer (Gi 1 ford Instru-
ment Co., Obe~lin, Ohio).· Assays were carried out in quartz cuvettes 
having a 1 cm light path. Each cuvette contained the following in a 
total volume of 1.5 ml: Tris buffer, pH 9.0, 100 µmol; NAO, 2.25 
µmole; cell free extract plus deionized, distilled water to make 0.35 
ml; and mannitol 1-P, 2.00 µmol. Assay mixtures were checked for any 
endogenous NAD reduction ptfor to adding the mannitol 1-P to start the 
reaction. The enzyme activity was determined from the recorded absor-
bance change during the first 30 to 90 sec of the reaction, by calculating 
the amount of NAD reduced based upon the molar absorpti'vity of NADH 
(e340 = 6.22·x 103 liter·- mol~l cm71 ) (2). During this reacti9n period 
the rate of NAD reduction was constant. One unit of enzyme activity is· 
defined as the amount of enzyme ·required to cause the reduction of 1 µmol 
of NAD per min in the standard assay. The enzyme specific activity is . 
. expressed as the num5er of units peY mg protein in the enzyme preparation. 
Incubation experiments. Cells grown as des(ribed previously were har-
vested by centrifugation and washed once with 0.05 M potassium phosphate 
buffer pH 7.0. The cells were resuspended in the same buffer, the .volume 
being such as to allow 5 ml of cell suspension for each incubation con-
dition, with an additional 5 ml of suspens~on for the zer6 time extrac-
tion. Incubations were carried out in 250 ml Erlenmeyer flasks which 
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contained 95 ml 0.05 M potassium phosphate buffer and 5 ml of cell 
suspension. The total volume of the incubation mixture was 100 ml and 
contained polyol or carbohydrate, the final concentration of which was 
1% (w/v). This mixture was incubated for 2 hat 37 C. For experiments 
using aerobic incubation the flasks were placed on a rotary shaker at 
250 rev/min (rpm) for the 2 h period. For anaerobic experiments the 
flasks were placed in a Precision Thelco Anaerobic Incubator (Precision 
Scientific Co.) at 37 C for the 2 h period. To degas the anaerobic in-
cubation mixture, the anaerobic incubator was evacuated with a vacuum 
pump to approximately 737 mm of mercury. The atmosphere was then re-
placed with carbon dioxide to a p.ositi ve pressure of about 50 nm 
mercury. This incubator was not equipped to mechanically shake the 
fl asks during the incubation period. Semi anaerobic incubation. fl asks 
were prepared as described for aerobic fl asks, but in this case they 
were incubat~d standing instead of shaking. The standing incubation 
did not allow a constant reoxygenation of the incubation·mixture, 
thereby producing a semianaerobic environment. At the end of the in-
cubation period, the cells were harvested and extracted for the study 
of the metabolic intermediates. 
Preparation of cell free extracts for the s_tudy of metabolic i ntermedi-
ates. Cells·were extracted for the study of metabolic intermediates by 
the method of Neuhoff (35). Approximately 0.5 g wet weig.ht of cells 
were placed in a 30 ml Corex glass centrifuge tube and suspended in a. 
pH 7.5 buffer which contained 0.04 M Tris, ethylenedinitrioltetraacetic 
acid (EDTA) 3.5 mM, and cysteine hydrochloride, 5.0 mM. The volume of 
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the buffer used to suspend the cells was equal to 10 times the wet cell 
·' 
weight. This suspension was vortexed vigorously while adding dropwise a 
volume of liquid 89% phenol equal to 0.1 times the buffer volume used to 
suspend the cells. Vortexing was continued while adding 10 ml chloro-
form. An additional 10 ml chloroform was added without vortexing. · The 
phenol-chloroform mix_ was centrifuged at 12,000 X g for 10 min. The 
aqueous layer was quantitatively removed to a second 30 ml glass centri-
fuge tube and the chloroform extraction procedure rep~ated. After the 
second centrifugation the aqueous layer was quantitatively removed to a 
graduated tube, the volume recorded and the tube placed in a 60 C water 
bath for 3 min. The extracts produced by this procedure will be referred 
to as phenol extr.acts. 
Extraction of mannitol 1-P dehydrogenase for studies of jntermediates. 
As described previously~· aureus strain Towler was grown in 2 liters of 
VfCA medium containing 1% 0-mannitol. A cell free extract was prepared 
by sonication as described. All procedures listed below were carried 
out at 0 C unless otherwise noted. To the cell free extract solid strep-
tomycin sulfate was adde_d slowly to a final concentration of 1% (w/v). 
After the solution was stirred for 10 min, it was allowed to stand at 4 C 
for 30 min. The precipitate was removed by centrifuging at 25,000 X g 
for 20 min and discarded. The supernatant solution was made 55% satu-
rated with solid, finely ground ammonium sulfate. After this solution 
was he1d at_4 C for 1 h, it was centrifuged at 25,000 X g for 20 min. 
The precipitate was discarded and the supernatant solution made 75% 
' 
saturated with solid ammonium sulfate. This solution was held at 4 C 
for 1 h and ~entrifuged as before. The supernatant solution was dis-
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carded and the precipitate was dissolved in approx1mately 2 ml of 0.1 
M Tris buffer, pH 7.0, which was 0.01 Min 2-mercaptoethanol. This 
fraction was dialyzed against the same Tris~mercaptoethanol buffer for 
18 h or until no ammonium was detected with Ammonium Test Paper (Macherey, 
,Na.gel and Co., Duren, Germany). This dialyzed 55-75% ammonium sulfate 
fraction contained most of the mannitol 1-P dehydrogenase activity and 
was used in experiments to assay for mannitol 1-P. The fraction was 
stored at 0 C when not in use. 
Assay of cell free extracts for levels of mannitol 1-P. Cell-free ex-
tracts were prepared as described earlier and assayed enzymatically for 
levels of mannitol 1-P by modification of the method described by 
Strasters (49). Levels were determined by monitoring the absorbance 
chang,e at 340 nm caused by the reduction of NAO in the conversion of 
mannitol 1-P to fructose 6-P. A quartz cuvette wi·th a cm light path 
contained the following in a 1.45 ml total volume: Tris buffer, pH 9.0, 
100 µmol; NAO, 2.25 µmol; phenol extract ~lus deionized, distilled 
water to make 0.40 ml. The initial absorbance was determined and the 
reaction started by the addition of 0.05 ml (approximately 0.5 enzyme 
units) mannitol 1-P dehydrogenase. • Absorbance was determined using a 
blank of 0.1 M Tris buffer, pH 9.0. 
Prior to calculating the final absorbance change for the reaction, 
the initial absorbance was corrected for the change in volume due to the 
addition of the dehydrogenase enzyme after the initial reading was taken. 
The correction was made according to the following formula: 
where: cA1 = 
Al = 
volume of assay mixture at A1 
final volume of assay mixture 
corrected initial absorbance 
uncorrected initial absorbanc~ 
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·In most cases it was also necessary to correct the final absorbancy of 
the reaction mixture for a constant absO'rbance change due to an endo-
genous reaction be.tween the mannitol 1-P dehydrogenase -enzyme preparation 
and the phenol extract. This abso~bance change was linear over the re-
action period and the straight line portion of the plot was extrapolated. 
. . . 
to zero time to give the corrected final absorbance of the reaction. 
The mannitol 1-P lev~ls in each assay were calculated based upon 
the molar absorptivity ·of NADH (e 340 = 6.22 X 103 liter mol-1 cm-1) (2). 
The intracellular levels were then calculated based upon the total 
volume of the pfrenol extract recovered during the extraction procedure. 
The final intracellular concentration was expressed as µmol mannitol 
1-P per gram dry cell, weight. In all cases the dry cell weight was 
assumed to equal 20% of the wet cell weight (41). Due to the dilution 
factors involved in calculating the final intracellular concentrat.ion, 
concentrations of l µmol/g dry eel l weigh~ or less were considered trace 
to zero levels and were expressed as. 1.0 pn1ol/g dry cell weight. In the 
assay of an average extract, the finding of 1 µmol mannitol 1-P/g dry 
cell weight would equate to an absorbanc~ change of approximately 0.030 
units. This is to be compared with an absorbance change of 0.005 units~ 
which is well within the li,mits of consistant reproducibility for the 
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spectrophotometer. A change of 0.005 units would be equivalent to 0. 15 
µmol/g dry cel.l weight in the average extract. Thus, the determination 
of greater than 1 µmol/g dry cell \-Jeight in an extract is based on a 
significant and reproducible absorbance ch~nge. In general, duplicate 
determinations on the same extract were + 2.5% 
Identification and quantitation of mannitol in cell free extracts; 
Identification of mannitol in the cell-free phenol extracts was made by 
descending paper chromatography on 23 x 56 cm sheets of Whatman # 1 
chromatography paper. The sheets were developed for 15 h with the ethyl 
acetate: acetic acid: formic acid (90.6%): water (18:3:1 :4) solvent 
of Strasters (49) or for 36 h wit~ the iso-propanol: n-butanol: water 
(7:1 :2) solvent of Smith (27)i To insure adequate separation of cell 
extract constituents; the solvent front was permitted to overrun the 
serrated ena of the chromatogram sheets. Separat~d components were 
identified by comparing their mobilities with those of authentic stand-
ards. Sugars and polyalcohols were detected with the metaperiodate-
benzidine method of Cifonelli and Smith (10) while reducing sugars 
were detected with the aniline phthalate method·of .Partridge (38). By 
spotting known amounts of the extracts th~se same methods were used for 
semiquantttative analysis of the mannitol le:els present. Quantitation 
was by comparing spot sizes and intensity with thos'e from known amounts 
of authentic mannitol. The sen.sitivity of this system was 0.5·· 11g 
mannitol. 
Prior to being chromatographed ce 11..,free extracts were concentrated 
appr9ximately 10-fold by the following procedure; One ml portions of 
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extract were placed in small vials which were then dried in vacuo over 
silica gel and finally rehydrated wHh 0.1 ml distilled, deionized water. 
These concentrated_ samples were used to spot the chromatograms. For some 
experiments, extracts.were passed through an ion exchange mixed resin bed 
prior to concentration. The resin ~ed contained equal amounts (about 
l ml each) of hydrated Dowex 1-XlO chloride form, a strong anion exchange 
resin, and Dowex 50-X4 hydrogen form, a strong cation exchange resin. 
The resin beds were contained in 12.7 cm, Pasteur transfer pipets plugged 
with glass wool. Extracts, which were allowed to flow through the resin 
bed. by gravity, were collected for use in chromatography experiments and 
for polyol quantitation. 
Extracts were screened for po lyo ls and levels \'Jere determined 
semiquantitatively using the method for the spectrophotometric deter-
mination 'of periodate consumption described by Lewis and Harley (-25). 
This method takes advantage of .the fatt that under acid conditions, 
glucose and other sugars are not readily oxidized by periodate, whereas 
oxidation of marnitcil, glucitol, galactitol, arabitol and xylitol are 
almost complete within one minute. Extracts prepared as described above 
were assayed for polyol content in 3 ml quartz ~uvettes having a 1 cm 
light path. ~ach cuvette contained the following: l .0 ml, l .0 M 
sodium acetate buffer, pH 4.5; cell extract plus deionized, distilled 
. ' 
water to make l~O ml, l .0 ml of 3.51 mM sodium metaperiodate. The 
final volume of the assay mixture was 3.0 ml. Exactly l min after the 
addition of the sodium metaperiodate the absorbance at 260 nm was 
measured in a Gilford model 2000 spectrophotometer. The reduction in 
34 
absorbance, as compared with water blank determinations, was linear in 
the range 0.01-0.l µmol mannitol. Values obtained by this method were 
confirmed by semi-quantitative paper chromato.graphy of the treated ex-
tracts as described earlier. An absorbance change of 0.010 units. or 
less was considered to indicate a negligible amount and was expressed 
as less than that amount calculated from 0.010 absorbance units. For 
average samples.this cut off point was approximately 2 µmol/g dry cell 
weight. This cut off ·point was necessary since measurement of periodate 
consumption is not specific for mannitol. Tests of the method deter-
mined that glucose, fructose 1, 6-diphosphate (fructose 1,6-diP) and 
mannitol 1-P were reactive although the rate of oxidation was slow 
enough to allow recovery of any added mannitol within the 1 min reaction 
period. High fructose 1 ,6-diP and mannitol 1-P levels, as determined by 
enzymatic analysis and chromatography, were present in the phenol ex-
tracts, theref6re this procedure was used primarily as a screening method.· 
A phenol· extract of~· aureus strain Towler was prepared for· 
gas-liquid-chromatography (glc) and mass spectrometry (ms) analysis. The 
glc analysis was done by Dr. M. E. Slodki and the ms analysis by Mr. R. 
Plattner, both of the:Northern Regional Research Laboratory, Peoria, 
! 
Illinois. The sample for glc was prepared as the per-0-acetylated 
derivative by heating a portion of the lyophil i zed extract with dry 
pyridine and acetic. anhydride. The solution was then cooled and trans-
ferred to chloroform-water for partitioning as described by Sey~our et 
al. (45). A permethylated derivative of the extract was prepared for 
ms by the procedure of Hakomori as described by Seymour et al. (46). 
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Following_methylation the reaction mixture was partitioned between 
chloroform-water as above. The glc and ms procedures were as described 
by Seymour et al. (45). The phenol extract was prepared from cells 
grown in 2% Trypticase broth with added vitamins. Cell culture, incu-
bation and extraction procedures were the same as described above with 
the following exceptions. Cell incubation and extraction was done on 
thr~e separate occasions with the extracts being combined for·analysis. 
Each incubation included all the cells (approximately 6 g wet ·cell 
weight) from 3 liters cult~re broth, which were then·suspended in 100 
ml 0.05 M potassium phosphate buffer, pH 7.0, contai~irig 1% (w/v) 
glucose. The extracts were combined, passed over a mixed resin bed and 
lyophilized. The resulting sample of 652 mg was sent ·for analysis. 
Statistical Methods. All statistical analyses for this 'investigation 
were done according to the methods described by Downie and Heath (12). 
Materials. The following materials were obtained from the indicated 
commercial sources and were not further purified: D-mannitol, 2-mer-
captoethanol, nicotinamide adenine dinucleotide, mannitol 1-phosphate 
L-cysteine hydrochloride, and Dowex 50X4-200 hydrogen form exchange 
resin, from Sigma Chemical Co., St. Louis~ Missouri; D-glucose, from 
Fisher Scientific Co., Fair Lawn, N.J.; ethylenedinitrolotetraacetic 
acid, disodium salt, "gilt label" liquid phenol 89%, sodium meta perio-
date, chloroform, ethyl acetate and.glacial acetic acid, from Mallinc-
krodt Inc., St. Louis, Missciuri; formic acid, 90.6%, isopropanol, 
Dowe~ l-X8-200, and n-butanol, from J. T. Baker Co., Phiilipsburg, 
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N.J.; benzidine, from Eastman Kodak Co., Rochester, N.Y.; aniline 
phthalate spray reagent, from EM Laboratories Inc., Elmsford, N.Y.; 
ammonium sulfate, special enzyme grade, from Mann Research Laboratories, 
N.Y., N.Y.; and streptomycin sulfate USP B grade, from Calbiochem, 
Los Angeles, California. Unless otherwise noted all chemicals were of 
reagent grade. 
( 
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RESULTS 
The aerobic and anaerobic mannitol utilizati-0n patterns of 
various staphylococcal ~trains. Previous work by two independent 
groups (33, 49) had demonstrated in ~· aure~ that mannitol was cata-
bolized via a mannitol 1-P intermediate. This intermediate was the 
substrate.for an inducible-NAO-linked mannitol 1-P dehydrogenase which 
oxidized mannitol 1-P to fructose 6-P. Initial experiments in this 
investigation were designed- to determine if any difference could be 
demonstrated among staphylococci, in their ability to utilize mannitol 
. . 
and thei·r production of mannitol 1-P dehydrogenase. The results (Table 
l~ showed that all six strains tested for aerobit mannitol utilization 
produced acid in the presence of the polyol. Strains To'wler, Peoria, 
B VIII and BMcK were strongly positive, producing·acid within the first 
24 h of the test. Strains UT-34 and Q-11 were slow mannitol utilizers, 
requiring 72 h incubation before acid was produced. When tested anaero-
b_ically, the strains demonstrated similar mannitol utilization patterns 
with the exception of strains UT-34 and ·Q-11. These latter two strains 
demonstrated no anaerobic- acid production 1at the end of the 5-day incu-
bation period. In the other 4 strains, the ~~te of anaerobic acid pro-
duction was the same as that found aerobically. 
Table l also lists the specific activity of mannitol 1-P de_hydro-
genase for each strain. In each case the specific activity.of the enzyme 
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TABLE l 
Mannitol utilization by whole c.ells and mannitol 1-P dehydrogenase 
specific activity in cell free extractsa of staphylococci. 
Mannitol t' 1. t. b u i i za ion Mannitol 1-P dehydrogenase 
Strain d· Aerobic Anaerobic specific activityc 
Towler (+) + + 0.46 
Peoria (+) + + 0.42 
BVI I I . ( +) + + 0.36 
BMcK (-) + + 0.38 
UT-34 (-) + 0.29 
Q-11 . (- ') + 0.24 
a Cell-free extracts were p~epared from cells grown aerobfcally in 2% 
VFCA broth containing 1% mannitol and.supplemented with nicotinic 
acid q.nd thiamine hydrochloride (2 µg/ml) for coagulase positive 
·strains, and biotin (1 µg/ml) for coagulase negative strains. 
b Positive utiliza.tion is determined by acid production in the 
presence of mannitol. 
c Specific activity = enzyme units/mg protein. 
d The coagulase reaction of th~ strain i& indicated in parenthesis. 
Strain BMcK is a coagulase-negative mutant of strai.n BVIII. 
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was· determined usirig cell-free extracts from cells grown aerobically 
in the 2% VFCA medium containing 1% mannitol. The specific activity 
of the enzyme in the S. aureus strains (the first 4 strains listed), 
was generally the same, while the specific activity in the coagulase 
negative strains UT-34 and Q~ll was somewhat lower. Strain BMcK, a 
coigulase-negative ~utant of str~in BVIII, is classified as an S. 
aureus strain and appears to retain the characteristics of the parent 
strain with respect to mannitol utilization and mannitol 1-P dehydro-
genase activity. 
Mannitol-1-P dehydrog·enase enzyme activity in S. aureus has been 
reported to be induced by the presence of the polyol in the growth 
medium (33, 49) and similar results were found in our studies with S. 
aureus strains Towler and.Peoria. The specific activity of the enzyme 
was me.asured in cell-free extracts prepared from ce11s grown in vitamin 
supplemented 2% VFCA which contained either no added mannitol or 1% 
mannitol. The two strains when grown with mannitol showed at least a 
4-fol~ i~crease in mannitol-1-P dehydrogenase. specific activity, as com-
pared to the specific activity when grown without mannitol. In further 
_experiments with strain Towler grown in va1rious media (Table 2), it was 
demonstrated that only with mannitol present in the growth medium, could 
high levels of mannitol 1-P dehydrogenase acti'vity be induced. Hov1ever, 
the uninduced .levels, ranging in specific activity from 0.03 to 0.07, 
represented .measurable l.eve ls. Typically absorbance changes in the 
cuvettes were about 0:03 to 0.20 absorbance units/min. 
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TABLE 2 
Mannitol T-P dehydrogenase specific activity in cell free 
extracts of ~· aureus strain Towler grown in various media. 
Growth mediuma 
2% VFCA 
2% VFCA + 1% mannitol 
2% VFCA + 1% glucose 
Synthetic medium + 2% pyruvate 
Mannitol l~P dehydrogenase 
specific activityb 
0.04 
0.46 
0.06 
0.03 
Synthetic medium + 2% pyruvate + Q.1% glucose 0.05 
Synthetic medium+ 0.1% glucose O.Ol 
Synthetic medium + 2% glucose 0.04 
a Cell culture·was for 24 h in the various media; the synthetic 
·medium is that ~~scribed by Idriss and Blumenthal {17). 
b Specific activity.= enzyme units/mg protein. The sensitivity of 
the assay procedure using the Gilford Model 2000 recording spectro-
photometer was> O.Dl enzyme units/mg protein. 
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Mannitol 1-:P dehydrogenase used for the quantitative determination of 
mannitol 1-P in the phenol extracts. Mannitol 1-P dehydrogenase was 
purified, ·as described in Methods, from cell-free extracts of S. aureus 
strain Towler grown aerobically in 2% VFCA containing 1% mannitol. In 
the purification procedure, the fractiori precipitated with 55%-75% 
ammonium sulfate saturation contained approximately 70% of the initial 
enzyme activity and resulted in a 5-fold purification (Table j), The 
preparation contained negligible NADH oxidase activity and did not reduce 
NAD when glucose 6-'P or glyceraldehyde 3-P were -present as substrates in 
the assay system. In addition, with man~itol 1-P as substrate in the 
standard reaction mixture, NADP did not serve: as coenzyme. The pH 
optimum for NAO reduction by th~ enzyme with mannitol 1-P as substrate 
was determined to be in the area of pH 9.5 (Fig. 3), as had been re-
ported by Murphey and Rosenblum (33). In the assay mixture described 
using mannitol 1-P as the substrate for the enzyme pre-para ti on, it was 
fbund that the maximum change in absorbance was proportional to the 
amount of mannitol 1-P up to 0.2 µmol. The enzyme preparation when 
stored at 0 C in 0.1 M Tris buffer, pH 7.0, containing 0.01 M 2-mercap-
toethanol, remained stable for several monthsA 
! 
Intracellular accumulation of mannitol 1-P after growth in various media. 
The next stage in this investigation was suggested by the report of 
Helle and Klungs¢yr (15) of intracellular mannitol l~P atcumulation in 
f. coli after incubation with glucose. These investigators suggested 
the biosynthesis of mannitol 1-P was through the _reduction of fructose 
6-P by a mannitol 1-P dehydroge~ase. This reaction wa~ known to be 
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TABLE 3 
·Mannitol 1-phosphate dehydrogenase purification from cell free 
extract of S. aureus strain Towler grown in VFCA + 1% mannitol. a 
Fraction· Total units 
Crude 
extract 
Streptomycin 
sulfate 
supernatant 
Ammonium 
sulfate 
% saturation: 
a 
0-55 
55-75 
>75 
45.8 
38. 9. 
3.9 
34.0 
4.0 
Units 
mg protein 
0.5 
0.6 
0.2. 
2.7 
0.8 
% Yield 
100 
84.9 
8.5' 
74.2 
8.7 
Purification 
• 
l. 2 
0.4 
5.3 
l.6' 
Cell culture was aerobic for 18 h at 37 C in a medium of 2% VFCA + 
· 1% D-mannitol. The medium was supplemented with niacin and th.iamine 
hydrochlor{de, the final concentration of each 2 µg/ml. 
0.06 
>-I- 0.05 
-> 
-I-~ 0.04 
u. G: o.o3 
-
. fn 85 0.02 
0.0 I 
7.0 7.5 8.0 8.5 
pH 
9.0 9.5 10.0· 
Fig. 3. Ac ti vi ty of mannito 1 1-phosphate dehydrogenas.e versus p-H 
+:> 
w 
·~ 
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reversible in vitro (57). In staphylococci a similar mannitol 1-P 
dehydrogenase, which catalyzed a reversible reaction, had also been 
demonstrated: Experiment~ were conducted with ~· aureus strain Towler 
to determine if an intracellular accumulation of mannitol 1-P could be 
demonstrated. Table 4 lists the results of these experiments i~ which 
the cells were grown in various media ·and then incubated with glucose 
or mannitol prior to' extraction of the intermediates. The intracel1ular 
mannitol 1-P levels in cells grown in the various ~edia and extracted 
just prior to incubation (0 hour) were usually 1 µmol/g dry cell weight 
or less. Cells incubated in phosphate buffered mannitol generally showed 
only a slight increase 6ver those at 0 h, with levels ranging from 1.0 
to 4.0 µmol mannitol 1-P/g dry wt. In contrast, thesP. same cells when 
incubated in buffered glucose demonstrated significant increases in 
niannitol 1-P levels when compared to the 0 h ce,lls. ·In experiments 
. repeated 3 or more times, these levels were signific~nt when the growth 
medium for the ce1ls was VFCA, AOAC or Trypticase broth. 
Identification of intracellular mannitol in staphylococci. The previous 
exp~riments had indicated that in staphylococci grown without carbohy-
drate or polyol present in the medium, the intracellular mannitol 1-P 
t , 
accumulation was the result of biosynthetic reactions. This is analogous 
to experimental findings in fungi, where mannitol 1-P has been proposed 
as an intermediate in the bibsynthesis of intracellular mannitol (48). 
T.his raised the possibility that intracellular free mannitol was present 
in staphylococci. In an attempt to identify mannitol, cell-free phenol 
extracts from cells grown in the AOAC synthetic broth were prepared for 
• 
TABLE 4 
Intracellular mannitol and mannitol 1-P in S. aureus strain Towler after growth in 
various media and subsequent incubation in-phosphate buffered glucose or mannitol. 
I 
Mannitol 1-Pa after 2 h M~nnitola after 2,h in-
incub~tion in 'buffered 1%: cubation in buffered 1%: 
Growth medium 0 h Glucose Mannitol 0 h Glucose 
2% VFCA (3)b <l.0 3.3 + 2.4d l.8 + 2.0 (l)b [2.4]c [2.6]c 
2% VFCA + 
1% mannitol (3) <l.O 2.3 + 3.0 4.0 + 3.6 
- . . f 
l .7% AOAC . ( l 0) <l.O e l.3 + 0.9 (6) 2.7 + 2.3 7.8 + 3.8 16.8 + 10.4 
1.7% AOAC + 
1% glucose ( l ) l. 0 5.0 l. 0 ( l ) 3.4 19.9 
Synthetic medium 
+ 2% piruvate · (l) l • 0 6.5 l.O ( l) 2.5 6.5 
2% Trypticase (3) 1-:2 + 0;7 · 8.4 + l. 9e l.4 + 0.7 (3) 2. l . 16. 5 + 9. 2g 
2% Trypticase 
+ 7% NaCl · ( l ) l.O 6.7 --- ( l ) l .4 lO. 7 
a Cells w~re grown aerobically _for 18 h in the medium indicated. The synthetic medium is that described 
by Idriss and Blumenthal (17). The cells were \'lashed in 0.05 M potassium phosphate buffer; incubation 
was in the same buffer containing either 1% glucose or 1% mannitol. Intracellular levels in the phenol 
extracts are expressed as µmol/g dry cell weight. 
b Numbers in parenthesis give the number of experiments averaged to obtain the intracellular levels.of 
mannitol l~P or mannitol. 
c ·Value.s for intracellular mannitol in brackets obtained by semiquantita~ive paper chromatography; all 
others ·obtained by the spectrophotometric determination of peri odate consumption. 
d · e · f · g · 
· p <O. 10 p <O. 001 p <O. 005 p <O. 05 
+:> 
U'1 
·~ 
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paper chromatography. In initial experiments the 10-fold concentrated 
crude phenol extracts from cells.incubated in phosphate buffered glucose 
. were used. Descending paper chromatography of these extracts, using the 
solvent of Strasters. (49), demonstrated spots which migrated· similar to 
authentic glucose 6-P, fructose .l ,6-diP, mannitol 1-P and mannitol. In 
subsequent experiments this same extract was passed over a mixed resin 
ion exchnage bed which would be expected to adsorb all charged molecule~, 
such as phosphorylated sugars, while allowing the neutral mannitol to 
pass through. Chromatography of this treated extract revealed one spot 
migrating the same a·s authentic mannitol. In addition·, chromatography 
of this same ·extract to which mannitol had been added prior to passing 
·over the ion eichange resin bed, demonstrated one spot which co-migrated 
with authentic mannitol .. This co-migrating spot was increased in size 
from the one to which. no mannitol had been added, thus ~orrelati~g with 
the addition of authentic mannitol. Duplicate chromatograms, one of 
which was sprayed to visualize polyols and the other sprayed with aniline 
phthal~te to visualize reducing sugars, demonstrated that the spot in 
question was not a reducing sugar. By chromatographin9 appropriate 
standards with this solvent system the spot in question was determined 
' 
to be a hexitol, thus elim~nating the pent~tols and tetritols as possi-
. . 
bilities. With this solvent system glucitol, galactitol and mannitol 
could not be separated. 
Chromatography of the treated extract using the solvent system 
described by Smith (27), again demonstrated one spot co-migrating with 
authentic ma~nitol. Glucitol ahd mannitol could be sepa~ated with this 
system, thus allowing the elimination of glucitol as a possibility. 
r 
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In order to confirm the identity of the hexitol, an extract of 
S. aureus strain Towler, which had been grown in Trypticase broth and 
incubated in buffered glucose, was prepared for analysis by glc and ms. 
Gas-liquid-'chromatography of the per-0-acetylated derivative of the 
sample demonstrated one peak with the same retention time as derivatized 
D-mannitol. A~dition of mannitol to the sample resulted in a symmetrical 
peak with increased height and the same retention time as before (Fig. 4), 
thus further confi_rming the presence of D-mannitol. Mass spectrometry 
a-nalysis of the permethylated derivative of the sample demonstrated :a 
spectrum identical to that of authentic D-~annitol (Fig. 5). 
Semiquantitative analysis for mannitol in phenol extracts from 
strain Towler grown in different media demonstrated that the intracellular 
. ,' 
occurrence of rnannitol was not dependent upon the growth medium although 
the amount subsequently accumulated might be so related (Table 4). The 
mannitol levels in cells just prior to incub.ation (zero hour) were low, 
averaging 3 µmol/g dry wt. or less. After incubation for 2 h in phosphate 
buffered glucose the levels were increased up to 6-fold. Examination of 
the mannitol and mannitol 1-P levels from these cell extracts indicated 
that the levels of the two paralleled each other. 
To test the ubiquity of mannitol an~ rnannitol 1-P accumulation 
jn staphylococci, a number of .strains were grown ·in either 2% VFCA or 
2% Trypticase broth supplemented with. the required vitamins but con-
taining no added carbohydrate or polyol. The staphylococci tested in 
these experiments included various combinations of coagulase-positive 
and -negative, and mannttol-positive and -negative strains. The data 
listed in Table 5 are from single ex·periments with each strain. In an 
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Coagulase 
Strains .reaction 
Towler + 
Peoria + 
BVIII + 
HSCKLS 
155 
KL 194 
947 BS 
6834 
TABLE 5 
Intracellular mannitol and mannitol 1-P in staphylococci .a 
. Aerobic 
mannitol b 
utilization 
+ 
+ 
+ 
+ 
+ 
0 h 
<l.O 
<l . 0 
<1.0 
<l.O 
<l . 0 
<l . 0 
<1.0 
<l . 0 
Intracellular 
mannitol 1-P 
after 2 h in-
cubation in 
buffered 1 % :
Glucose Mannitol 0 h 
3.3 1.8 <2.3 
2.7 <l.O 2.8 
1. 7 .<l. 0 4.2 
1.2 1.0 1. 7 
1. 7 <l.O 8.0 
1. 2 1.0 5 ~ 1 
3.3 1.8 3.a 
3. 1 1.5 2.5 
Intracellular 
mannitolC 
after 2 h in-
cubation in 
buffered 1 % :
Glucose 
19.0 
16.7 
22.4 
16.2 
19.2 
11. 9 
11. 3 
23.6 
a Cells were grown for 18 h in 2% VFCA for the mannitol 1-P determinations or i.n 2% Trypticase for the 
mannitol determinations. The cells were washed in 0.05 M potassium phosphate buffer; incubation was 
in the same buffer containing either 1% glucose or 1% mannitol. Intracellular levels in the phenol 
extracts are.express~~ as µmo1/g dry cell weight. 
b Aerobfc mannitol utilization is indicated by production of acid with mannitol as the carbon source. 
c Values for intracellular mannitol were obtained by the spectrophotometric determination of periodate 
consumption. 
()"1 
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strains tested, the intracellular mannitol ·1-P levels accumulated in the 
growing cells (zero time) was less than 1 µmol/g dry cell weight. After 
incubation in phosphate buffered mannitol, strains Towler, 947 BS, and 
6834 demonstrated aA increase in intracellular mannitol 1-P levels over 
' those found at Q h. Strains HSCKLS and KL 194 showed only a marginal 
increase and strains Peoria, BVIII and 155 showed no increase over 0 h 
levels. The eight strains tested showed an increased accumulation of 
mannitol 1-P when incubated in phosphate buffered glucose, when compared 
to the zero time levels. These eight strains included five.which were 
positive and three that were negative in the aerobic mannitol utiliza-
tion test. Previous experiments with cells grown with no carbohydrate 
or polyol, had demonsfrated weak mannitol 1-P dehydrogenase activity in 
all strains. The· enzyme specific activity in these strajns ranged from 
0.01 td 0.10 units/mg protein. 
Intracellular mannitol levels showed· a pattern similar to that of 
mannitol 1-P. The levels in cells just prior to incubation were low, 
ranging. from 2.0 µmol up to 8.0 µmol/g dry cell weight, whereas in-
cubation in buffe~ed glucose produced 2~ to 10-fold increases in the 
intracellular levels. 
Time course of intracellular levels of mann·i .-01 and m_~nnj_tol___l_-:f___~uring 
growth and incubation. A preliminary experiment with~· aureus strain 
Towler grown in 2% Trypticase broth was done to determine if the accumu-
latio~ of mannitol and mannitol 1-P was dependent upon the length of. the 
growth period and/or the length of the incubation period. The mannitol 
levels in cells prior to incubation and thoie after incubation did not 
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appear tO' vary to any great extent in relation to the length of the growth 
period for the cells (Table 6). Similarly, the mannitol 1-P levels from 
the zero hour cells, cells incubated in buffered glucose and in buffered 
mannitol did ~ot s~ow any major variations which could be attributed ito 
the length of the cell growth period. A growth curve was not done to 
relate the length of the growth peribd to the growth stage for the cells 
in this experiment but,from the Klett readin~s obtain~d in the three 
different growth times listed in Table 6,it appeared that all cells were 
in stationary growth phase. The 2-fold difference in mannitol 1-P levels 
from cells of the 12 h and 18 h g~owth periods, after incubation in 
buffered mannitol, may be due to the normal experimental variation en-
countered in previous experiments.· 
In a single experiment, S. aureus strain Towler cells grown for 
24 h in 2% Trypticase demonstrated a slow increase in the intracellular 
mannitol levels with increased incubation time in buffered glucose (Table 
7). This is in contrast to the mannitol 1-P levels from cells incubated 
in either buffered glucose or buffered ma~nitol. In cells incubated in 
buffered glucose, maximal levels were reached within the first 2 h of 
incubation. During the next 2 h, the levels decreased by nearly half, 
where they remained steady for the final 2 h of incubation. The mannitol 
,: .. p levels from cells incubated 2 h in buffered mannitol dem.onstrated 
only a slight increase over 0 h levels. During the next 2 h incubation 
the levels decreased to those approximating the 0 h levels, where they 
remained for the final 2 h incubation. 
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TABLE 6 
. Mannitol and mannitol 1-P levels in S. aureus strain Towler 
during growth in 2% Trypticase broth. 
Intracellular Intracellular 
rnannitol 1-Pa 1eve1 s mannitola levels 
after 2 h incubation after 2 h incuba-
in buffered 1%: tion in buffered 1% 
Growth Klett 
a 
b 
time units 0 h Gl\,lcose Mannitol 0 h Glucose 
12 h 185 1.2 9.4 2.4 2.2 4.6 
18 h . 222 1 :7 10. 1 1.0 2.2 6.4 
24 h 252 1.0 10.8 1.0 2.2 8.8 
Intracellular levels expressed as µmol/g dry cell weight. Intra-
cel l~lar mannitol levels were determined by the spectrophotometric 
deter)11ination of periodate consumption. 
Cells were grown for the indicated time and treated as described 
· in the footnote to- Tab le 3. 
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. TABlE 7 
Time course of form~ti·on of mannitol and mannitol l~P 
in S. aureus strain Towler du~ing incubation.a 
Intrace 11 ul ar ·Intracellular 
mannito l 1-P mannitol b after 
after incubation incubation in 
in buffered 1%: buffered 1%: 
Incubation time Glucose Mannitol Glucose 
a 
b 
0 h 1.0 1.0 1.0 
2 l:J 10.4 1.3 24.2 
4 h 5.8 1.0 34.6 
6 h 5.5 1..0 37.0 
Cells were grown aerobically for 24 h in 2% Trypticase broth 
supplemented with nicotinic acid and thiamine hydrochloride 
(2 µg/ml each). Cells were then treated as described in the 
footnote to Table 3. 
Values for intracellular mannito·l were obtained by the spectro-
photometric determination _of periodate consumption. · 
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Intracellular mannitol and mannitol l-P levels in cells from various 
growth and incubation conditions. In an attempt to ascertain the role 
. 
of mannitol and/or mannitol 1-P tn the metabolism of staphylococci, 
S. aureus strain Towler was grown and ~ncubated under various conditions~ 
These preliminary experiments were designed to determine if cells would 
accu~ulate greater amounts of polyol when incubated anaerobically versus 
aerobically, as had been reported in~· coli (15)., or when incubated. 
under high osmotic pressure as proposed in some fungi (16). Incubation. 
in the high osmotic envir&nment was of interest since among bacteria, 
staphylococci are peculiar in that they carr grow in environments con-
taining 7.5% NaCl, and thus requi-re an effective means of osmotic regula-
tion. Large quantities of cells wer~ grown aerobically for 24 h in 2% 
Trypticase broth. These cells were then divided for the zero hour ex-
traction and for incubation in the following conditions: aerobic, shaking· 
in buffered glucose and in buffered glucose plus 7% NaCl; semiar-iaerobic, 
standing in buffe~ed glucose; and anaerobic, standing in buffered glucose. 
The data (Table 8) indicate.t~at the mannitol 1-P levels from cells in-
cubated in buffered glucose alone under the three conditions, remained 
constant, ran.ging from 10.2 to 10.4 µmol/g dry cell weight. The intra-
cellul~r mannitol level from cells incuba~~d aerobically in huffered 
glucose was approximately 24 µmol/g dry cell weight. These same ce11s 
when incubated either semi anaerobically or anaerobica 1 ly appeared to have 
levels increased approximately 2-fold over the level in the aerobically 
incubated cells. The aerobic incubation of these cells in buffered glu-
cos~ and buffered glucose plus 7% salt demonstrated that the mannitol 
levels were the same under both conditions whereas the mannitol 1-P levels 
Growth 
medium 
. _Experiment #1: 
2% Trypticase 
Experiment #2: 
2% Trypticase 
+ 7% NaCl 
Incubatiog 
condition 
aerobic 
shaking 
semi anaero-
bic standing 
anaerobic_ 
standing 
aerobic 
shaking 
TABLE 8 
Mannitol and mannitol 1-P levels in~. aureus-during 
various growth and incubation conditions. 
0 h 
<l.0 
<1.0 
Intracellular mannitolc 
1-P after 2 h incubation 
· in buffered: 
1% Glucose 
10.4 
·l 0.2 
10.4 
6. 7 .. 
1% Glucose 
+ 7% NaCl 
5 .1 
2. 1 
0 h 
<l .0 
l.4 
a Cell_growth and treatment were as described in the footnote to Table 3. 
. c Intracellular mannitol 
after 2 h incubation in 
buffered: 
~% Glucose 
1% Glucose + 7% NaCl 
24.2 23.4 
43.7 
44.9 
10. 7 10.8 
b Aerobic and anaerobic incubations were as described in the Materials and Methods section. 
c Intracellular levels expressed .as µmol/g dry cell weight. Values for intracellular mannitol \.'Jere 
obtained by the spectrophotometric determination of periodate consumption. 
(J1 
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in the buffer~d glucose plus salt incubated cells appeared to be half 
that found in the cells incubated in buffered glucose. A second experi-
ment in which strain Towler was grown under high osmotic pressure in 2% 
Trypticase plus ·7% NaCl and then incubated for 2 h aerobically with 
shaking in buffered glucose ·and buffered glucose plus 7% salt yielded 
similar results. The mannitol levels in cells from th~ two incubation 
coriditions were the same and the mannitol 1-P level in the buffered 
glucose plus salt incubated cells, again, appeared to be half of that 
observed in the cells incubated in buffered glucose .. In this experiment, 
all levels were approximately half of those observed under comparable 
conditions· in the previous experiment. 
Variation of intracellular polyol levels in relation to dry weig.ht of 
cells incubated. During the course of conducting the experiments 
~escribed.above, there were indications that variations in the weight 
of cells incubated could result in variation in the intracellular polyol 
levels, as determined by the assay procedures, even though theoretically 
this should not happen. A scatter-plot (12) of µmol mannitol 1-P/g dry 
cell .weight versus dry cell weight per 100 ml incubation solution (Fig. 6) 
demonstrated a significant correlation (r 1= 0.86, p < 0.005) between the 
dry weight of ·Cells incubated in phosphate buffered glucose and the µmol 
. mannitol 1-P/g dry cell weight assayed for the cells. This correlation 
existed for incubated dry cell weights of 0.08 g or less. Above 0.08 g 
dry cell weight per 100 ml buffered glucose incubation solution, no 
correlation existed. .In general the previously described experiments 
used i.ncubated dry cell weights > 0.08 g. An experiment was conducted 
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Fig. 6. ,, Scatter-plot of µmol mannitol. 1-P/g dry cell weight 
versus dry cell weight per 100 ml buffered 1% glucose 
intuhation mixture. Data from S. aureus strain Towler. 
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TABLE 9 
Mann'itol and mannitol 1-P levels during incubation with increasing 
cell ~oncentrations of S. aureus straih Towler.a 
g dry cell 
weight/100 ml 
incubation 
solution 0 h 
0.111 l.O 
0.026 
0.026 . 
0.153 
0.155 
0.315 
0.266 
Intracellular 
mannitol 1-P 
after 2 h in-
cubation in 
buffered' l % : · 
Glucose 
3.5 
4.8 
10.2 
10. 3 
5.8 
7. l 
(j h 
< 2.3 
Intracel~ular 
mannitol after 
2 h incubation 
in buffered 1%: 
Glucose 
[2.6f 
[2.8f 
15.3 
22.6 
34.0 
23.3 
a Cells were grown in 2% Trypticase and treated as described in the 
footnote to Table 3. 
b Intracellular levels expressed as µmol/g dry cell weight. 
c Values for intracellular mannitol in brackets were obtained by 
semiquantitative paper chromatography; all others were obtained by 
the s~ectrophotometric determination of periodate consumption. 
,. 
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to test the correlation described above. Strain Towler w~s grown in 2% 
Trypticase for 18 h, then varying weights were incubated in 100 ml 
phosphate buffered glucose for 2 h. Duplicate incubations were done for 
each weight. The results (Table 9) indicated that no correlati-0n exi~ted 
between the dry cell weight incubated and the µmol mannitol 1-P/g dry 
cell wt. assayed (r = 0.33). In contrast, the dry cell weight ·incubated 
appeared to be related to the µmol mannitol/g dry weight assaye.d 
(r = 0.96, p < 0.005). 
Distribution of intracellular mannitol in various bacteria. Since many 
organisms, in addition to staphyloco~ci~ can utilize mannitol it was 
presumed that some of these may also be able to accumulate intracellular 
mannitol. To determine if this was a ubiquitous phenomenon, a number of 
different bacterial species were grown for 18 h in various media and 
used to determine if intracellular mannitol accumulated in cells pririr to 
incubation or in· cells after 2 h incubation in phosphate buffered gluco.se. 
Escherichia ~-9J.i. and prpteus_ sp. were each grown in 2% VfCA. Bacillus 
cereus \'las grown in 2% Trypticase and Lactobacillus brevi_?_ ATCC 367 w·as 
grown in a medium of 1% nutrient broth plus D.5% yeast extratt witb added 
salts. Mannitol could not be demonstrate~ by paper chromatography of 
10-fold concentrated extracts from pre- or p0st-incubatio~ ceJls of any 
of the above organi srns. However, Streptococcus mu tans strain ATCC 6715, 
after 18 h anaerobic growth in Todd-Hewitt broth, contained demonstra-
. table .mannitol by paper chromatography, in extracts of both pre- (2.9 
µmol/g dry ·cell wt.) and post-incubation (5.4 µmol/g dry cell wt.) cells. 
DISCUSSION 
The anaerobic utilization of mannitol by Staphylococcus aureus, 
but not by Staphylococcus epidermidis, is a valuable reaction in dif-
ferentiating the two staphylococcal species (1, 50). In~· aureus, the 
mechanism for mannitol utilization involves transport and phosphoryla-
tion via the phosphoenolpyruvate: mannitol phosphotransferase system. 
and/or the recently described membrane associated Enzyme II complex 
transphosphorylation system (43). In this system, mannitol 1-P can 
transfer its phosphate group to fr~e mannitol, without the involvement 
of Enzyme I or HPr of the HPr-PEP system (22). Once inside the cell 
mannitol 1-P is oxidized to fructose 6-P by a NAD~linked mannitol 1-P 
dehydrogenase ( 33, 49). 
The present study was initiated in an attempt to answer questions 
raised by the following observations in S. aureus: 1) Low, but definite 
levels of mannitol 1-P dehydrogenase activity were present in staphy-
lococci grown in the absence of any exogenous source of polyol or car-
bohydrate. Growth of these same cells with mannitol, induced a 10-fold 
increase in enzyme activity (33, 49); 2) low levels of intracellular 
mannitol 1-P were identified in cells grciwn in the absence of any polyol 
or carbohydrate· (49). 
The initial aspects of this study were designed to confirm and 
expand .these observattons. These two observations, plus the finding in 
I· ~oli of mannitol 1-P as a product of glucose metabolism (15) strongly 
suggested that mannitoT 1-P might play a general role in microbial 
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metabolism, unrelated to that of an intermediate in mannitol cata-
bolism. 
Low, but definite, l~vels of a NAD~linked mannitol 1-P dehydro~ 
genase were c6nfirmed in cells of S. aureus strain Towler after growth 
without added mannitol in either a synthetic, ~r a casein hydrolyzat~ 
medium.· These uninduced levels ranged in specific activ~ty from Q.03 
' 
to 0.07 and typically represented measured absorbance changes of 0.03 
to 0.20 units/min. Addition of mannitol, but not glucose, to the growth 
~edium resulted in an approximate 10-fold increase in the specific 
activity of the enzyme (Table 2). Furthermore, there were no major 
differences in the induced enzyme levels in either coagulase negative 
or coagulase positive strains, nor were there any differentes associated 
with the. abi·lity to ferment mannitol (Table 1). Strains UT-34 and Q-11, 
although unable to ferment mannitol, contain appreciable amounts of 
mannitol 1-P hydrogenase. The biochemical properties of these two · 
strains are consistent with mutations proposed by Murphey and Rosenblum 
(33) for staphylococci unable to ferment mannitol. They suggested 
possible defects in the phosphorylation of mannitol or the permeation 
mechanism. 
The intracellular mannitol 1-P levels in growing cells (0 h) 
were generally 1 umol/g dry cell weight or less. As previously 
mentioned in the Materials and Methqds, in the assay of an average ex-
tract, the finding of 1 µmol mannitol 1-P/g dry cell weight would equate 
to an absorbance change of O.O~G units for the assay mixture in the 
cuvette. This value is about 6 times higher than the smallest absor-
bance change which can be consistently reproduced with the spectrophoto-
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meter. The high value of 1 µmol/g dry cell weight was arbi"trarily set 
as the lower limit cut-off .in order that the mannitol 1-P levels assayed 
would be based on a significant and reproducible absorbance change. In 
S. aureus strain Towler cells which were washed and-resuspended in 0.05 
M potassium phosphate buffer, pH 7.0, containing 1% glucose, and incu-
bated aerobically for 2 h, the mannitol 1-P·levels were observed to 
increase to about 3-8 mol/g dry cell weight in different media; values 
. that were statistic.ally significant (Tabl.e 4). In addition, a survey of 
eight staphylococcal strains, demonstrated that all eight strains accumu-
lated detectable levels of mannitol 1-P, although the absolute values 
varied, when incubated in buffered glucose (Table &). Of interest was 
the general ob~ervation that eel.ls grown in the absence of poJyol and 
subsequently i.ncubated in buffered glucose, accumulated higher 1eve1 s 
of mannitol 1-P than cells incubated with buffered mannitol (Table 4-7). 
These observed differences in mannitol 1-P levels may be due to a com~ 
bination of _events. The mannitol 1-P found in cells incubated in 
buffered glucose may result from a shunting mechanism in which excess 
glucose is removed from the normat glycolytic path and converted to 
mannitol 1-P, which may serve as a storage product or for the regenera-
tion of NAO during the conversion process. A second event ·causing the 
· apparent differences may be due to the fact that the cells incubated in 
buffered mannitol are not induced for mannitol uptake, since they have 
had no previous contact with the poly,ol. 'This is supported by the data 
from cells grown with mannit~l (induced for mannitol uptake), in which 
it can be seen that mannitol 1-P levels ar~ greater after incubation in. 
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buffered mannitol than after incubation in buffered glucose (Table 3). 
Potassium phosphate buffered 1% glucose was chosen as the incubation 
medium since it had previously been observed that under these conditions 
staphylococci accumulated very high levels of fr.uctose diphosphate (5). 
Accumulation of these phosphorylated metabolites in staphylococci 
is analogous to the situation in fungi which have been shown to accumu-
lat.e large amounts of free intra.cellular mannitol. Previous studies 
presented evidence that this free mannitol was derived from a mannitol; 
1-P precurs9r (6). By extension, it was.necessary to consider the 
possibilit~ th~t staphylococci also contained free mannitol, derived 
from the accumulated mannitol 1-P. 
Identification of mannitol in the cell free phenol extracts of 
S. aureus strain -Towler after g.rowth in a synthetic broth and subsequent 
incubation in buffered glucose, was attempted by descending pap~r 
chromatography in an ethyl acetate: acetic acid: formic acid: water 
. solvent' system. Chromatography of the 10-fold concentrated, phenol ex-
tract demonstrated a spot which co-migrated with authentic mannitol, was ~ 
oxidized by periodate (as little as 0.5 µg mannitol could be detected) 
and was non-reducing when sprayed with aniline phthalate. Further con-
I 
firmation that a polyol was present in th~ extra~ts came from chromato-
graphy of an extrac~ which had been passed over a mixed bed io~ exch?nge 
resin. Passage of the extract over the ion excharige resin was expected 
to eliminate the charged molecu1es, such as nucleotides and phosphory-
lated sugar intermediates, while allowing the neutral polyol to pass 
through freely. Chromatography of the extracts .treated by this method 
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demonstrated a single spot w~ich co-migrated with authentic mannitol. 
Although the mobilities of mannitol, glucitol and galactitol in this 
solvent system were not sufficiently different to allow their separation, 
the pentitols, tetritols and glucose could be separated from the he.Xi-· 
to~s, and therefore were eliminated as possibilities. 
A second solvent sy~tem 6f iso-propanol: n-butanol: water, 
allowed the .separation of glucitol, but not galactitol, from mann.itol. 
Chrom~tography of the treated extracts in this second solv~nt also 
demonstrated one spot co-migrating with authentic ~annitol. Thus the 
spot was identified as a h~xitol which was further determined to be 
either ~annitol or galactitol. However; galactitol is rarely found, 
even in fungi, and is not a product of mannitol 1-P dehydrogenase. 
Martinez ef al. (32) isolated a crystali'ne mannitol dehydrogenase 
from Lactobacillus brevfs, which was reported-to.be specific for manni-
tol. On the surface, this appeared to be a good ~nalytical method with 
grea't specificity for the quantitative detemination of mannitol. How-
ever, attempts to use this enzyme to confirm the presence of mannitol 
and to obtain quantitative levels were unsuccessful. Part of the problem 
was that the equilibrium of the reaction is strongly to the right in the 
conversion of.fructose to mannitol (32) a~d therefore assays for mannitol 
required long (3 h) incubation periods and .ubs.equent assay for the 
- fructose produced. Al so problems were enc.ountered in purifying the 
enzyme_which resulted in very low yields. 
The method of Lewis and Smith (27) for mannitol determination,by 
the spectrophotometric determination of periodate consumption, was 
eve~tually adopted as a 'rapid and semiquantitative screening technique. 
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This procedure is not specific for mannitol, but takes advantage of the 
fact that under the acidic conditions employed and the min reaction 
time, glucose and other sugars are not readily oxidized, although other 
polyols are oxidizedalmost'to completion. By passing the extracts 
through ion exchange resin beds,~as previou~ly mentioned, large amounts 
·of UV absorbing and cross reacting material was remov·ed., Analysis o~ 
treated .extracts by the periodate consumption method clearly demonstrated 
large amounts of reacting material, assumed to be mannitol ·Since paper 
chromatography had identified no other polyols present in the extracts. 
Final corifirmation of mannitol in a phen~1 extract of S. aureus 
, was obtained by gas chromatography and mass spectrometry. Strain 
Tow1er cells grown in Trypticase broth and incubated in buffered glucose 
were extracted as described previously. Since a large sample was re~ 
quired for analysis, the cells were grown and incubated in three separate 
batches; ea.ch incubation contained ,approximately ·10 times greater cell 
, ' 
concentration than found in the normal incubations. The extracts of 
these cells were combined for analysis. Gas chromatographic analysis 
of the per-0-acetylated derivative of the extract showed one peak with 
th~ same retention time as authentic mannitol. The.method employed 
clearly separated mannitol from tetritols~ pentitols, glucitol, galacti-
tol and the cyclic polyol inositol, thus fu1ther establishing mannitol 
as the polyol present in the phenol extract. Mass spectometric analysis 
of the permethyl~ted derivatives of the phenol extract and authentic 
mannitol demonstrated the spectra to be identical, thus giving final 
confirmation that the compound in question was mannitol. 
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In general, accumulations of high levels of rnannitol 1-P (5 1111101/ 
g dry cell weight or greater)_ ·were also accompanied by large accumula-
tions of intracellular mannitol (Table 4); the notable exceptions being 
in cells grown in synthet.ic medium plus pyruvate and in Trypticase broth 
plus salt. In these two cases high accumulations of mannitol 1-P were 
accompanied by only low to moderate levels of mannitol. Furthermore, 
all eight strains of coagulase-negative and .coagulase~positive staphy-
lococci, includtng three strains that could not utilize mannitol aero-
bically, formed high levels of mannitol after aerobic incub.ation in 
buffered glucose (Table 5). These findings suggest that the synthesis 
of mannitol as well as mannitol 1-P is a general property of staphy-
lococci, as opposed to mannitol catabolism. Furthermore, it suggests 
that those staphylococci unable to ferment mannitol aerobically have a 
fault in the initial entry-phosphorylation step, since a check of the 
eight strains determined that they all contain mannitol 1-P dehydro-
genase acUvity. 
Fungi form large quantities of int~acellu~ar mannitol, and phos~ 
phatases that cleave mannitol 1-P to form the free mannitol ·have been 
.described (58). The present report of the formation of mannitol in 
staphylococci represents the first ~epor~ of free intracellular mannitol 
iA any bacteria. Although the mechanism of the formation of free manri-
tol from mannitol 1-P was not studied, it is. likely that th~re is 
present in staphylococci a specific or a general phosph~tase active on 
mannitol 1-P, similar to the one in fungi (6). Another possibility is 
that the.phosphate of mannitol 1-P can be transferred to another mole-
cule, forming free mannitol. Such a phosphotransferase reaction 
· 6B 
involving mannitol 1-P as the phosphate ~onor and free mannitol a~ the 
' . 
phosphate acceptor·, has rec.ently been described by Saier and Newman (43). 
in several bacteria, including~· aureus~ This· phosphotransferase 
system required only the Enzyme II complex of the phosphoenolpyruvate: 
mannitol phosphotransferase system, ·without the involvement of Enzyme I 
. . . 
or HPr. In other words, mannitol 1-~ was serving in an equivalent 
manner as phosphenolpyruvate. 
A~ noted earlier, fructose diphosphate has been shown to accumu-
l~te uhdef the incubation conditions used in this study. Fructose 6-P 
is. t.he common precursor in the glycolytic pathway, of both fructose 
diphosphate and mannitol l-P. The.possibility therefore exists t~at 
. mannitol formation through the above reaction sequence is a shunting 
mechanism for exces5 glucose entering the glycolytic pathway. This 
reaction sequenc.e _would. a 1 so serve to regenerate NAO from NAOH for use 
in other glycolytic reactions, as suggested by Helle and Klungs~yr in 
~· coli (15). An analogous situation was observed by Nelson and Werkman 
(·34) in their study of fructose fermentation by heterofermentative lactic 
acid bacteria. In this study their data indicated that part of the 
fructose used followed the normal glycolytic pathway, whi.le the remaining 
fructose was converted to extracellular m'rnnitol with the resulting re-
generation of NAO. If this mechanism of c,ot:nzyme regulat~on existed in 
staphylococci, it would be expected that incubation. of cells under an aero-
bic conditons would result in increased accumulation of mannitol. This 
hypothesis was supported in a preliminary experiment designed, to test 
this possibility. There were suggestions of differences in ma.nnitol 
·levels when ~· aureus strain Towler was incubated aerobically versus 
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semianaerobically and anaerobically in a single experiment (Table 8). 
Mannitol 1-P levels were not significantly dtfferent under any of these 
conditions. As discussed previously, further evidence of a glucose 
shunting mechanism is suggested by the high mannitol 1-P levels in glu-
cose inc~bated cells as opposed to mannitol incubated cells. 
In fungi, fluctuations in polyol type and content .are. common 
observations and in some cases can be attributed to the influence of 
culture age or lengt~ of the growth period (11, 37). In this investi-
gation it was necessary to consider that a similar in-fluence may affect 
the levels of polyol accumulated in staphylococci. A single, preli·mi-
nary growth time course experiment (Table 6) utilizing strain Towler did 
. . 
not indicate any major differences in ma-nnitol or mannitol 1-P levels 
accumulated, attributable to the length of the culture period. 
Intracellular mannitol has also been proposed as.a mechanism for 
regulation of osmotic pressure. In the marine fu'ngus Dendryphiella 
salina, Jennings and Austin (20) observed that as nonmetabolizable 3-0-
methyl glucose was taken up by the hyphae, i ntrace 11 ul ar mannito 1 was 
simultaneously converted to insoluble polysaccharide. The net effect 
resulted in the amounts of intracellular soluble carbohydrate remaining 
relatively constant. In bacteria, the st~phylococci are peculiar in 
that they will tolerate and grow in high os1.1otic pres~ure environments, 
e.g., in media containing 7% sodium chloride. Under these.conditions 
( 
it would be expected that if mannitol was contributing· in some way to 
an osmotic regulatory mechanism, then the intracellular levels might 
vary with chan~es in the osmotic pressure of the cell environment. In 
an initial experiment in which strain Towler was grown in Trypticase 
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broth with and without added 7% salt and subsequently incuba~ed in 
buffered glucose with and without 7% salt, major variations in intra-
cellular mannitol levels were·not observed (Table 8). However, there 
was some ,suggestion that mannitol 1-P levels were decreased when the 
s-uspensions were incubated in glucose containing 7% NaCl. Further 
experiments are needed to confirm this observation. 
The data for intracellular mannitol 1-P levels in strain Towler 
, 
after incubation in buffered glucose were compiled from the ~xperiments 
conducted during the course of this study (Fig. 6). Analysis of this 
data using the statistical methods Elescribed by Downie and Heath (12), 
demonstrated a significant correlation (r = 0.86 p < 0.005) between the 
dry weight of ce 11 s incubated p·~r 100 ml phosphate buffered glucose and 
the µmol mannitol 1-P/g dry cell weight assayed for the cells. The 
correlation existe·d for incubated. dry cell weights of 0.08 g or less, 
above this amount no correlation existed. Incuba'tions in this study were 
usually conducted with 0.1 g dry cell weight per 100 ml incubation 
mixture. Expression of the intracellular polyol levels on a per g dry 
weight basis should be self-correcting for the variation in the incubated 
_dry cell weight. The analysis described above indicated that some other 
factor was affecting· the i ntracell ul ar 1 e1yel s assayed. An experiment 
.conducted to test this observation did not demonstrate a correlation. 
between the measured intracellular mannitol 1-P levels and the weight 
of cells incubated (Table 9). In contrast this experiment did demon-
strate a significant correlation between the intracellular mannitol 
levels and the inc·ubated dry cell weight. This experiment included too 
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few poi'nts to allow any conclusions to be drawn. Further experiments 
are needed to confirm the previously observed correlation.· However 
withhi each individual experiment in this. study the cell weights used 
for each condition were nearly equal and therefore any affect this 
variable might have on the observed polyol levels would be negated. 
It was shown in the literature review that many bacteria in 
addition to staphyloco~ci are capable of utilizing mannitol. From this 
it was proposed that staphylococci ~ould not be uniqu~ in the ability 
to synthesize intracellular mannitol. However, a few experiments with 
both gram positive and gram negative bacteria did not·demonstrate this 
to be a ubiquitous phenomenon among the different bacterial species 
tested. Only Streptococcus mutans strain ATCC 6715 contained demon-
stratable mannitol in both pre- and post~incubation cells, with nega-
tive results with E. coli and B. cereus. Both~·· mutans (7) and~· coli 
(57) have been shown to contain mannitol 1-P dehydrogenase. 
SUMMARY 
·The intracellular accumulation of polyols in staphylococci was 
investigated in growing cells and in cells following 2 h incubation under 
nongrowing conditions in .a potassium phosphate buffered solution con-
taining either 1% glucose or 1% mannitol. In growing cells, the intra-
cellular mannitol 1-P levels were generally 1 µmol/g dry cell weight or 
less. In cells grown iri the absence of polyol or carbohyd_rate, which 
were washed and resuspended in 0.05 M potassium p~osphate buffer, pH 7.0, 
containfog 1% glucose and incubated aerobically for 2 h, the. mannitol 
1-P levels ~ere observed to increase up to 7-fold in relation to the 
levels in growing cells. The actual increase varied with the growth 
medium and the staphylococcal strain. These'same cells when incubated 
in buffered mannitol were gen~rally observed to accumulate lower levels 
of mannitol 1-P than after incubation in buffered glucose. Free intra-
cellular mannitol was identified in a phenol extract of Staphylococcus 
.aureus ·strain Towler after growth in a synthetic broth and subsequent 
incubation in buffered gluco~e. Identific~tion of the.polyol was 
accomplished by paper chroma~ography, gas-liquid-chromatography, and 
I 
mass spectrometry. A survey of eight staphylococcal strain.s, including 
three which could not produce acid from mannitol during aerobic growth, 
·demonstrated that all eight strains accumula~ed detectable levels of 
mannitol l~P and mannitol after incubatibn.in buffered glucose. Pre-
liminary experiments investigating the phy~iological role of intra-
cellular polyol accumulation in staphylococci, _suggested two possibl~ 
72 
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functions: regeneratiOn of NAO from NADH under oxygen-1 imiti ng condi -
tions, and regulation of intracellular osmotic pressure in high osmotic 
pressure environments. Experiment~ with a few gram positive and gram 
negative bacteria of other genera did not demonstrate accumulation of 
intracellular polyols to be common to all bacterial species. Only 
Streptococcus mutans strain ATCC 6715 contained demonstratable mannitol 
in both pre- and post-incubation cells. 
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